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 1.Introduction  1
1 Introduction 
1.1 Photoreceptors 
For centuries, poets, philosophers, artists and scientists have noted and studied the phototrophic 
movement of plants. In one of the earliest depictions of plant phototropism, Venus the ancient 
goddess of love, transforms Clytie, a water nymph, into a plant because of her infatuation with 
Apollo, the sun god. Associated with her metamorphosis into a green plant, Clytie turns and 
follows the movement of Apollo [Ovi98]. This tale of unrequited love is based on believes of 
early classical philosophers (mostly Aristotelians) that plants exhibit passive responses to the 
environment. Accordingly the phototrophic (and solar tracking) tendencies of plant is attributed 
to the sun activity in removing fluid from the illuminated side of the plant [Whi06]. 
This simple explanation of phototropism persisted until 17th century, where experimental 
observations (which were downplayed due to Aristotelians) began to recognize plant sensitivity 
[Web66b]. 
As due to these observations it became more and more accepted that phototropism is stimulated 
by light, the focus returned to the property of light response where it was revealed that blue light 
is more effective at orienting the plants [Whi06].  
For many years the only proof for the existence of blue light photoreceptors was this sensitivity 
to blue light. These photoreceptors are called cryptochrome due to the difficulty for isolating 
them (crypto is taken from the Greek word Kryptos that means “hidden”) [Hor03]. However 
nowadays the name cryptochrome is only used for the first identified protein of blue light 
photoreceptors family. Eventually a 120-kD membrane bound flavin based protein called “Phot”, 
was identified as the key element necessary for phototropism [Gal88,Rey92] although the role of 
other red and blue light photoreceptors could not be completely excluded [Bri63, Ahm98]. 
To date the many different identified photoreceptor proteins could be classified into a limited 
number of families. The most rational approach is to base this classification on the absorption 
maxima and chemical structure of the light-absorbing chromophores involved, as well as 
arguments from chromophore-protein interaction. Accordingly, the six classified families are the 
rhodopsins, phytochromes, xanthopsins, cryptochromes, phototropins and BLUF proteins. 
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In contrast to rhodopsins, phytochromes and xanthopsins which undergo cis/trans isomerization 
cryptochromes, phototropins and BLUF proteins all have a different flavin-based photochemistry. 
Rhodopsins are green light photoreceptors which employ retinal as their light sensor [Spu00]. 
Despite controversy in the primary photochemistry of rhodopsins, recent transient (UV-Vis and 
vibrational) spectroscopy evidences indicate that the change of configuration from all-trans to 13-
cis is the primary event [Xia00]. The photo-cycle of rhodopsins is completed within 100ms-1µs 
in which intermediate states are named alphabetically from K to O [Xia00].  
Besides visual rhodopsins from Eukarya and archaea, they are also found to be phototaxis 
receptors in chlamydomonas [Sak02]. 
Phytochrome photoreceptor family was discovered as the receptor responsible for red/far -red-
light, reversible plant responses. A linear tetrapyrrole is their light-sensitive chromophore 
[Yeh98]. Red light triggers an isomerization of all-cis red-absorbing “Pr” to far-red-absorbing 
“Pfr” conformation. Subsequently it recovers back slowly to the dark within hour time scale or 
almost instantaneously upon absorption of far-red-light. During these transitions, structural 
changes take place in the protein as well as proton uptake and release reactions [Sak96]. 
Phytochromes can function in light-regulated gene expression, light induced tactic movement or 
setting circadian rhythm [Sch00]. 
Xanthopsins are the photoreceptor family carrying trans-p-coumaric acid as their blue-light-
sensitive chromophore. Photoactive yellow protein (PYP) from Ectothiorhodospira halophila is 
archetype for this family in which blue light absorption leads to chromophore isomerization and 
formation of the signaling state [Ihe05]. The signaling state “pB” which is formed through several 
picosecond and nanosecond intermediates can then decay in the dark to the “pG” state (dark state) 
[Gen98]. The current consensus on the function of PYP is light induced behavioral response 
which allows the bacterium to avoid regions with high intensities of blue light [Spr93]. 
Phototropins get their name after verification of their enrollment in several light responses in 
plants, like phototropism, chloroplast movement and stomatal opening [Chr02]. The light 
sensitive domain that generates signaling1 upon blue light absorption is referred to as LOV 
(Light-Oxygen-Voltage) domain in which non-covalently bound oxidized flavin mononucleotide 
(FMN) is used as light sensitive chromophore [Sal00]. Although the flavin-C(4a)-cysteinyl is 
accepted as the photo-adduct, more reaction pathways are suggested for photo-adduct formation 
                                                 
1 The protein state after excitation 
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[Swa01,Cro01]. In dark and at room temperature the photo-adduct decays to the initial dark state 
[Mil90]. 
Cryptochromes are the oldest family of flavin-containing photoreceptors. These blue-light 
photoreceptors are present in lower and higher eukaryotes and prokaryotes. Cryptochromes are 
involved in different processes ranging form synchronization of the circadian clock in animals to 
flowering in plants [Chr01]. These proteins contain two non-covalently bounded chromophores in 
their binding pocket, FAD (flavin-adenine dinucleotide) as the key cofactor, and pterin in the 
form of methenyltetrahydrofolate (MTHF) as the second photo-sensor and more probably an 
antenna [San00,Pok05]. In addition, several lines of evidence support the hypothesis that 
activation of cryptochrome is based on changes of the FAD redox state [Gal03,Son06]. However 
the accurate light response mechanism is yet to be determined. 
BLUF proteins are another family of photoreceptors using flavin as their light-sensitive 
module. The proteins are named BLUF for “sensor for blue light using FAD” [Gom02]. Members 
of this family are known to be involved in photophobic responses in Euglena gracilis (PAC 
protein [Ise02]) and synechocystis (Slr1694 protein [Oka05]) and also transcriptional regulation 
in Rhodobacter sphaeroides (AppA protein) [Mas02]. It is believed that electron transfer upon 
blue light absorption triggers conformational changes in protein structure leading to signaling 
state formation, which is distinguished by nm510 ±≈  red shift in the absorption spectrum. The 
red shifted spectrum recovers back to the dark state at room temperature in a second or minute 
time scale. 
1.2 Aims 
                                                
Due to resolvable spectral changes during the signaling process of photoreceptors, the 
absorption and emission spectroscopy is a convenient tool to follow these changes starting with 
absorption of a photon and recovering in dark at room temperature (photo-cycle).  
In this work the absorption and emission spectroscopy is employed to investigate photo-cycle 
behavior of some BLUF proteins: AppA and BlrB from R. Sphaeroides, Slr1694 from 
Synechocystis sp. PCC6803 and AppA-H44R a mutant of AppA protein in which His442 is 
replaced with Arg. Moreover prolonged high-intensity blue-light illumination is used to study 
processes that could occur via signaling state excitation. 
 
2 Amino acid histidine at position 44 (see appendix for structural formulae of 20 standard amino acids). 
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Since the primary event in the photo-cycle is absorption of a photon by the flavin chromophore, 
it is reasonable to have an overview of physical and chemical properties of free flavins in aqueous 
solution. These properties are briefly reviewed in chapter 2.  
Although spectroscopic studies provide insights into the light-response mechanism of the 
photoreceptor proteins, physiological and crystal structural data are essential for understanding 
the overall photo-cycle mechanism. These data for investigated proteins are presented in chapter 
3. Chapter 4 contains the basic principles necessary to analyze and understand the experimental 
results. Experimental methods used in the studies are explained in chapter 5. Chapter 6 contains 
the experimental results for each of the investigated samples together with the methods which are 
used to analyze them. In chapter 7 the suggested photo-cycles for AppA, BlrB and Slr1694 
together with that of AppA-H44R are compared and explained according to their crystal 
structures and other reported spectroscopic, biochemical and biological evidences. The obtained 
results and their explanations are summarized in chapter 8. 
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2 An overview of the physical and chemical properties of 
free flavins 
Flavins are redox-active chromophores (i.e. they participate in oxidation and reduction 
reactions) found in enzymes and photoreceptors [Mül91,Bri99]. Riboflavin can be found in milk, 
meat, yeast, peas and beans [Mas00]. Lack of Riboflavin in humans causes disturbances of 
growth, skin diseases and hair loss [Fri88].  
FMN (flavin mononucleotide) is the cofactor in the phototropins (phot) of plants [Bri99]. FAD 
(Flavin adenine dinucleotide) is the chromophore in cryptochrome [Lin95] and BLUF proteins 
[Gom02].  
2.1 Physics and chemistry of flavins in oxidized form 
The structural formula of FAD, FMN, Riboflavin, Lumichrome and Lumiflavin together with 
internationally accepted numbering system of isoalloxazine moiety are shown in Fig. 2-1 
[Mül91]. In aqueous solution the flavins are in their oxidized redox form (Fig. 2-1) which 
depending on the pH of the solution, they can be found in cationic, neutral or anionic oxidized 
forms [Mül91]. The structures of the cationic, anionic and neutral oxidized forms of the flavin are 
depicted in Fig. 2-2 [Isl03]. Accordingly due to the pH range which is used in this work (pH 7-8), 
only the neutral oxidized form is considered. 
The absorption spectrum of flavins in the visible wavelength region is caused by the 
isoalloxazine ring [Whi53]. As a result the absorption spectrum of FAD, FMN and Riboflavin are 
practically the same. Fig. 2-3 shows the absorption spectra of FMN, Lumiflavin and Lumichrome 
[Hol05]. The same explanation is used to describe the similar fluorescence spectral shapes of 
FAD, FMN and Riboflavin in aqueous solution [Bar73]. 
However depending on the solvent conditions the fluorescence characteristics of FAD are 
different from Riboflavin and FMN. This is due to the intramolecular complex formation between 
the adenine and isoalloxazine moieties of FAD (i.e. adenine moiety bends over the isoalloxazine 
ring) [Mil68,Ber02]. 
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Figure 2-1: The structural formula of FAD, FMN, Riboflavin, Lumichrome and Lumiflavin together with 
internationally accepted numbering system of isoalloxazine moiety [Mül91]. 
In addition it is found that FAD has a somewhat shorter fluorescence lifetime compared to the 
other flavins (riboflavin and FMN). This is because of the photoisomerization of excited FAD 
from a fluorescent un-stacked form to a nearly non-fluorescent stacked form. Photoisomerization 
eases photo-induced electron transfer from the adenine part in FAD to the isoalloxazine ring 
during excited state lifetime of the initially unstacked form [Isl03]. 
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Figure 2-2: The structures of the cationic, anionic and neutral forms of the oxidized flavin [Isl03]. 
 
 
Figure 2-3: Absorption cross-section spectra for FMN (flavin mononucleotide) in aqueous solution at pH 7, 
lumiflavin in aqueous solution at pH 7 and lumichrome in bi-distilled water [Hol05]. 
 
The fluorescence spectra for FMN, Lumiflavin and Lumichrome are shown in Fig. 2-4 [Hol05]. 
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Figure 2-4: Fluorescence quantum distribution of FMN, lumiflavin and lumichrome in aqueous solution at pH 8 
[Hol05]. 
2.2 
                                                
Physics and chemistry of flavins in different redox states 
Flavins are generally found in three different redox states. Under normal conditions3 they are in 
oxidized form (flavoquinones). Flavins are also present in semi-reduced form as 
flavosemiquinones and in fully reduced form as flavohydroquinones. The structural formulae for 
these forms are shown in Fig. 2-5 [Mül91]. Similar to flavoquinones, flavosemiquinones and 
flavohydroquinones exist in cationic, anionic and neutral forms [Mül91]. The absorption spectra 
for neutral flavoquinone, neutral flavosemiauinone and neutral flavohydroquinone are shown in 
Fig.2-6. 
 
3 In biological environment and in the absence of species known to donate/accept electron(s) to/from flavin. 
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Figure 2-5: Structural formulae for three flavin forms: quinone (oxidized), semiquinone (semi-reduced) and 
hydro-quinone (fully reduced) flavins. 
 
 
Figure 2-6: Absorption cross-section spectra for: normal oxidized (quinone) [Mas00], neutral semiquinone 
[Pal97] and neutral hydroquinone [Mül88] flavins. 
Upon one and two electron transfer followed by proton transfer (or by hydrogen atom transfer), 
flavoquinone changes to the flavosemiquinone and flvohydroquinone forms respectively. If these 
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reactions are triggered by light, they are called photoreduction [Pal97]. The photoreduction 
affects particularly the chemistry of positions N(1), C(4a) and N(5) [Ghi86].  
Excitation of the flavins causes the photodegradation of the molecules (i.e. excitation causes the 
fragmentation of the photoexcited molecules with a certain probability) [Moo69]. Lumichrome 
formation by photo-excitation of flavin in aqueous solution under anaerobic conditions is a 
known example for such a reaction [Moo63]. It is found that lumichrome is also formed under 
aerobic conditions upon photo-excitation of FMN [Hol05]. The relatively higher photostability of 
FAD with respect to FMN and riboflavin is thought to be due to the photo-induced electron 
transfer from adenosine moiety to isoalloxazine ring and subsequent non-radiative recombination 
resulting in a shorter lifetime in the excited state (singlet and especially triplet state) [Hol05]. 
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3 BLUF proteins 
Since the first identification of the BLUF domain as a novel blue light photoreceptor 
approximately ten years ago [Gom02], more than 50 members of the family have been found, 
where the physiological functions and/or spectroscopic properties are determined for some of 
these proteins [Jun06]. Those that have been characterized include complex proteins: AppA from 
phototrophic proteobacterium Rhodobacter sphaeroides (anti-repressor of photosynthetic gene 
expression, [Gom95]), YcgF from Escherichia coli (functions as blue light regulated 
phosphodiesterase [Has06]), PAC from Euglena gracilis (blue light receptor for photophobic 
response [Ise02]) and short proteins: BlrB from Rhodobacter sphaeroides [Jun05], Slr1694 from 
cyanobacterium Synechocystis sp. PCC6803 (negative phototaxis, [Oka05]) and Tll0078 from 
thermophilic unicellular cyanobacterium Thermosynechococcus elongates BP-1 [Kit05]. 
A common feature of BLUF proteins is a very similar reversible red-shift of the UV-Vis 
absorption spectrum of FAD upon illumination which already indicates that the change in the 
local environment of the FAD binding site upon illumination maybe very similar for these 
proteins. 
Apart from spectroscopic properties, the structural data and physiological function are the other 
pieces of puzzle essential for understanding the overall signaling mechanism of photoreceptor 
proteins. Therefore this chapter is assigned to introduce structural data and briefly describe the 
physiological function (when available) of the investigated BLUF proteins in this dessertation. 
3.1 AppA protein from Rhodobacter sphaeroides 
3.1.1 Physiological function 
 
Rhodobacter sphaeroides is a photosynthetic (PS) bacterium [Coh57]. In the presence of 
oxygen it derives energy from aerobic respiration. However, when the oxygen tension drops 
below a certain threshold, the bacterium develops a PS apparatus which allows the use of light as 
an energy source [Coh57]. Oxygen and light are therefore the major environmental stimulus 
regulating the development of the PS apparatus [Kil88]. In 1991 PpsR, an oxygen-responsive 
transcriptional regulator (for R. Sphaeroides), has been isolated and identified [Pen91]. It was 
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found that PpsR acts as a repressor under aerobic conditions (i.e. it shuts down photosynthetic 
gene expression when the oxygen tension is above a certain level) [Pen94,Pon95]. 
Soon after, a second protein participating in oxygen-responsive gene expression regulation 
(from R. sphaeroides) was reported [Gom95,Gom97]. The protein nominated AppA according to 
its gene appA (activation of photopigment and puc expression) [Gom95].  
 
 
Figure 3-1: Amino acid sequence of AppA protein (top) and graphical view of domain structure (bottom) [1]. 
AppA contains non-covalently bound FAD in its N-terminal region (~120 amino acids) which 
exhibits a photo-cycle evidenced by spectral red shift upon excitation with blue light, and back 
recovery to the start spectrum in dark. The amino acid sequence of AppA protein is shown in Fig. 
3-1 [1]. 
Finally, the results of genetic and biological studies suggest that, R. sphaeroides controls its 
photosynthetic gene expression in three stages [Mas02]. Under aerobic conditions (Fig. 3-2, up), 
an intramolecular disulfide bond forms between Cys 251 and Cys424 of PpsR protein, that 
stimulates DNA binding and attenuation of photosynthesis gene expression. Under these 
conditions, AppA is presumably oxidized (the Cys residues in C-terminal region of AppA make 
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sulfur bonds) and is therefore functionally inactive as an anti-repressor. As oxygen tension 
decreases (Fig. 3-2, down), AppA becomes reduced (the sulfur bridges between Cys residues 
break), which allows it to effectively disrupt the PpsR tetramer by forming a stable AppA-PpsR2 
complex.  
 
Figure 3-2: Model for AppA-PpsR reaction under aerobic (top) and unaerobic (bottom) conditions. Under 
aerobic conditions due to the di-sulfide bridge formation (S-S) in the C-terminal of AppA, it is unable to interact 
with PpsR. As oxygen tension decreases, di-sulfide bond breaks (SH-SH), AppA bonds to PpsR and activates 
gene expression (RNAP is an enzyme involved in the gene expression and when seated on special loci in the gene 
initiates gene expression). Under un-aerobic high-light conditions AppA is unable to interact with PpsR. PpsR 
then represses gene expression [Mas02]. 
Under strictly anaerobic conditions the ability of AppA to form the AppA-PpsR2 complex is 
impeded by a blue-light absorption of flavin (under strong blue light exposure the action of the 
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PS apparatus is slowed down) [Mas02,Shi92]. However unlike oxygen control of the 
photosynthesis for which molecular mechanism are mostly understood, little is known about light 
response mechanism and signal transduction pathway between C-terminal and N-terminal of 
AppA protein. 
3.1.2 AppA Crystal structure 
 
  Although spectroscopic and genetic studies provide insights into light-response mechanisms of 
the photoreceptor proteins, crystal structures in exposed and dark state of protein are always 
essential to understand the atomistic signaling pathway.  
 
 
Figure 3-3: (A) Amino acid residues around flavin cofactor in AppA binding pocket according to AppA crystal 
structure together with suggested H-bound network in dark. (B) suggested H-Bound rearrangement in the light 
adapted state[And05]. 
Because of photo-induced disorder, the crystal structure for wild type AppA protein is only 
available in dark state of protein at 2.3 Å resolution (Fig. 3-3) [And05]. 
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  In the face of the wild type protein in which the crystal structure is only available in the receptor 
state, the crystal structure for AppA-C20S, where Cys20 is replaced by Ser, is resolved in the 
dark and light adapted states recently [Jun06]. It is used to explain the light response mechanism 
of AppA protein [Jun06]. The supposed hydrogen bond network rearrangement responsible for 
the observed photo-cycle will be described comprehensively in the discussion chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3.BLUF proteins  16
3.2 Slr1694 from synechocystis sp. PCC6803 
3.2.1 Physiological function 
 
Cyanobacteria comprise a unique group of bacteria that perform oxygenic photosynthesis. Plant 
chloroplasts are believed to have evolved from cyanobacteria although their precise origin is not 
known yet [Ohm01,Bru03,Nar04,Oka04,Kan96,Nak02]. 
The 17 kDa Slr1694 protein from cyanobacterium synechocystis sp. PCC6803 is one of the 
BLUF proteins with noncovalently bounded FAD as blue-light photoreceptor in its binding 
pocket [Kan96]. Slr1694 is a 150 amino acids long protein, belonging to short BLUF proteins, 
where the BLUF domain is nearly the whole protein [Gom02]. The amino acid sequence of 
Slr1694 is shown in Fig. 3-4 [2]. 
 
 
Figure 3-4: Slr1694 amino acid sequence together with graphical view of domain structure (inset) [2]. 
It is believed that Slr1694 is involved in negative phototaxis in Synechocystis [Oka05]. 
3.2.2 Crystal structure 
 
The crystal structures of Slr1694 in dark and signaling states have become recently available (Fig. 
3-5) [Yua06]. This is the first reported crystal structure for wild type protein in both dark and 
signaling states and therefore of great importance. However it should be mentioned that the 
crystal structure still suffers from inadequate resolution specially in signaling state [Yua06]. 
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Figure 3-5: Amino acid residues around flavin cofactor in Slr1694 binding pocket according to its crystal 
structure together with suggested H-bound network in dark (A) and signaling state (B) [Yua06]. 
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3.3 BlrB from Rhodobacter sphaeroides 
3.3.1 Physiological function  
 
Apart from AppA, the R. sphaeroides genome encodes two more BLUF proteins, RSP4060 
(134aa) and RSP1261 (140aa) which are known as BlrA and BlrB respectively (for putative blue-
light receptors). The physiological function of BlrB protein is not known yet [Jun05]. However 
due to the protein size, it could be involved in signal transduction via protein-protein interactions 
[Gom02]. The amino acid sequence of BlrB is depicted in Fig. 3-6 [3]. 
 
 
 
Figure 3-6: Amino acid sequence of BlrB with graphical view of domain structure (inset) [3]. 
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3.3.2 Crystal structure 
 
The crystal structure of BlrB is available in dark at 1.9 Å resolution (Fig. 3-7) [Jun05]. 
 
Figure 3-7: Amino acid residues around flavin cofactor in BlrB140 binding pocket according to its crystal 
structure together with suggested H-bound network in dark state [Jun05]. 
 
The crystal structure data will be used in the discussion chapter to compare the spectroscopic 
properties of the investigated BLUF proteins according to the differences in their binding folds. 
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4 Fundamentals 
In this chapter, a number of processes responsible for excitation and de-excitation of a molecule 
are briefly introduced. The same nomenclature is used in whole text.  
4.1 Absorption 
An electronic transition consisting of the promotion of electrons from a lower molecular (or 
atomic) orbitals to a higher ones triggered by photons is called absorption. The molecule (or 
atom) is then said to be in an excited state. The characteristics of the molecular orbitals involved 
in any absorption process (generally any electronic transition) directly influence the properties of 
the absorption of that special electronic transition [Lac83]. Molecular orbitals are classified 
according to the spatial overlap of atomic orbitals which they are made of (two atomic s-orbitals 
or one s- and one p- or two p-orbitals having collinear symmetry axis make σ orbitals whereas 
lateral overlap of atomic p-orbitals ends up with π orbitals) [Jea93,Atk97]. In addition the 
multiplicities of the molecular states (e.g. singlet and triplet states defined for spin multiplicities 
of 1 and 3 respectively) involved in the optical transitions, also affect the absorption properties 
[Hak00]. 
The amount of light absorbed or transmitted at a wavelength λ by an absorbing medium is 
characterized by its absorbance A(λ), or transmission T(λ) (also called pure transmission),  in 
spectroscopy. They are defined as: 
)(log)
)(
)(log()( 0 λλ
λλ T
I
IA −== ,                     (4-1) 
)(
)()(
0 λ
λλ
I
IT = ,                           (4-2) 
where )(0 λI  and )(λI  are the spectral intensities of the light beams at wavelength, λ, entering 
the absorbing medium and leaving the absorbing medium, respectively. 
  The absorbance of a sample is related to the concentration of absorbing species C(in mol L-1), 
absorption path length (in cm) and extinction coefficient l ( )λε (commonly expressed in L mol-1 
cm-1 as molar decadic extinction coefficient) through Beer-Lambert law [Lac83]: 
( ) CA lλελ =)( .                          (4-3) 
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  The decadic absorption coefficient or optical density, OD(λ) is defined as the absorbance 
divided by the sample length, l , as:  
( ) ll
)log()(1)( TCAOD −=== λελλ .                   (4-4) 
  In physics instead of the optical density, OD(λ), the absorption coefficient, α(λ), is preferred. It 
is given by: 
( ) )10ln()(
)(
)(ln1 0 λλ
λλα OD
I
I == l .                    (4-5) 
The absorption coefficient is proportional to the number density, N, of the absorbing molecules. 
The proportionality constant is called the absorption cross-section, σ(λ), and is defined as: 
( ) ( )Nλσλα = .                          (4-6) 
According to eq.(4-6) the absorption cross-section, σ(λ), is the photon-capture area of a molecule. 
Comparing eqs. 4-4, 4-5 and 4-6 indicate that the absorption cross-section and extinction 
coefficient are two different forms of the same quantity. This can be easily shown by: 
( ) ( )λελσ
AN
)10ln(1000=                         (4-7) 
where NA, is the Avogadro number (NA = 6.022 × 1023 mol-1) and other parameters are already 
defined. Eq. 4-7, is valid when, ε , is measured in L mol-1 cm-1 and, σ , in cm2. 
4.2 Intrarmolecular interactions 
4.2.1 Energy level scheme and relaxation processes 
 
  The processes involved in de-populating the excited states can be divided into intramolecular 
and intermolecular interactions. The energy level scheme suggested by Perrin-Jablonski 
[Dem06,Val02] (Fig. 4-1) is a simple way to show intramolecular deactivation processes. In Fig. 
4-1, the singlet electronic states are denoted with S0 (for ground state), S1, S2,… and the triplet 
states with T1, T2, …. Vibrational levels associated with each electronic state are shown with 
thinner lines. Since the absorption is much faster than all other processes depopulating the excited 
state, there is no concomitant displacement of the nuclei during the absorption processes (Frank-
Condon principle) [Dem06]. 
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Figure 4-1: Perin-Jablonski diagram for intermolecular de-excitation processes [Val02]. 
  Once a photon is absorbed, the molecule will be in one of the vibrational levels of S1, S2, …, 
where the subsequent excited state de-population processes will compete. Internal conversion 
(IC), fluorescence, intersystem crossing (ISC), phosphorescence and delayed fluorescence are the 
de-excitation processes [Lac83,Val02]. Since phosphorescence and delayed fluorescence are not 
observed experimentally for BLUF proteins, they are not discussed in this text. 
Internal conversion is a non-radiative transition between vibrational levels of two different 
electronic states at the same energy level with the same spin multiplicity. Once a molecule is 
excited to a higher singlet state ( ), internal conversion together with vibrational 
relaxation would lead the molecule to the lowest vibrational level of the S
2, ≥nSn
1 state. This process is 
normally finished within 10-13-10-11s, where the excess vibrational energy can be transferred to 
the surrounding solvent molecules by collision. The rate of the internal conversion decreases with 
increasing energy gap between electronic states involved. Therefore the rate of S1 – S0 internal 
conversion is slower than the rate of Sn relaxation to S1. Typically these rates are of the order of 
109 – 107 s-1 [Lac83,Val02]. 
Intersystem crossing is a non-radiative transition between two isoenergetic vibrational levels 
belonging to electronic states of different multiplicity [Val02]. As an example, the molecule in 
the zero vibrational level of the first singlet excited state can move to a higher vibrational levels 
S1 
S0 
S2 
T1 
T2 
IC 
ISCIC 
ISC 
ABSORPTION FLUORESCENCE
PHOSPHORESCENCE 
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of an excited triplet state, which then would relax to the lowest vibrational level of first electronic 
triplet excited state by means of internal conversion and vibrational relaxation. Although 
intersystem crossing is forbidden according to the electric dipole selection rules in approximate 
theory, it is allowed in the refined theory when spin-orbit coupling is included [Ber00]. The rate 
of S1-T1 intersystem crossing is typically of the order of 109-107 s-1. It may compete with S1-S0 
internal conversion in the S1-state depopulation and lower the fluorescence efficiency 
[Lac83,Val02]. The intersystem crossing is more efficient in the presence of heavy atoms in the 
molecule (known as heavy atom effect). 
Fluorescence is a radiative transition from an electronic excited state to a lower excited state in 
the same spin multiplet. Apart from some exceptions, this transition is normally from lowest 
vibrational level of first electronic singlet excited state to the singlet ground state of the molecule 
[Lac83]. 
Since higher excited states relax first to the S1 state, the fluorescence mostly occurs from this 
state [Val02]. Due to the dissipation of some part of excitation energy by vibrational relaxation, 
fluorescence happens at longer wavelengths than absorption which is known as Stokes rule 
[Gui90]. 
In addition since at room temperature according to Boltzmann law a small fraction of molecules 
are in higher vibrational and rotational levels than the 0 level, the absorption and fluorescence 
spectrums partly overlap. Hence the so called “inner filter effect” which is caused by re-
absorption of fluorescence light by the fluorophore itself, should be taken into account (specially 
in the high chromophore concentration). 
4.2.2 Fluorescence lifetime and fluorescence quantum yield 
 
  In the absence of intermolecular interactions the de-excitation processes from S1 to S0 state can 
be divided into radiative (fluorescence, rate constant ) and non-radiative (internal conversion 
and intersystem crossing, rate constants and  respectively) pathways. 
rk
ick isck
  The following differential equation describes the temporal change of the S1 state population:  
[ ] ( )[ ∗∗ +=− Akk
dt
Ad
nrr
1
1 ],                       (4-8) 
where [ ]∗A1  is the concentration of excited molecules in the S1 state and  is the rate 
constant for non-radiative processes. 
iscicnr kkk +=
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  If [ ]01 ∗A  be the concentration of excited molecules at time 0 after δ-pulse excitation, solving eq. 
4-8 would lead to: 
[ ] [ ] )exp(011
F
tAA τ−=
∗∗ ,                       (4-9) 
where Fτ  is the excited state lifetime or fluorescence lifetime defined as: 
nrr
F kk +=
1τ .                            (4-10) 
  If the radiative decay was the only de-excitation pathway from S1 state, then the excited state 
lifetime would be 
rk
1  which is called the radiative lifetime ( radτ ). The radiative lifetime can be 
calculated theoretically by using Strickler-Berg relation [Str62,Bir63] 
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where nF is the average refractive index in the fluorescence region, nA is the average refractive 
index in the region of the first absorption band, )(λFE  is the fluorescence quantum distribution 
calculated from fluorescence spectrum (see below) and ( )λσ a  is the absorption cross-section 
spectrum. The integrals extend over the fluorescence region (em) and over the S0-S1 absorption 
band (abs). 
  Another parameter which is often measured in fluorescence studies is the fluorescence quantum 
yield. It is the ratio of the number of internally emitted photons over the whole emission 
wavelength region to the number of absorbed photons [Pen87,Hol99]: 
( )RLLL
em
IL
abs
em
I
F TRW
dSh
S
dS
−−==
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1
)()( λλνλλ
φ                   (4-12) 
where ( )λIS  is the intrinsic spectral fluorescence photon density distribution,  is the 
reflectance at the excitation wavelength λ
LR
L,  is the transmittance,  is the input excitation 
energy and ν
RLT LW
L = C0/λL is the excitation frequency. 
  The spectral fluorescence photon density distribution ( )λIS  divided by the total number of 
absorbed excitation photons is defined as fluorescence quantum distribution: 
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abs
I
F S
SE λλ = .                           (4-13) 
  Using the eqs. 4-12 and 4-13, the eq. 4-14 is obtained between fluorescence quantum 
distribution and fluorescence quantum yield: 
( ) λλφ dE
em
FF ∫= .                           (4-14) 
  The intrinsic spectral fluorescence photon density distribution, ( )λIS , is experimentally not 
accessible since it is altered by fluorescence absorption, re-emission, reflection and also 
geometrical factors. A relation between the measured spectral fluorescence photon density 
distribution, ( )λmS , and ( )λIS  is needed for absolute fluorescence quantum yield and 
fluorescence quantum distribution calculations [Hol99]. This problem is circumvented by 
application of a reference dye of known fluorescence quantum yield and similar transmission at 
the same geometrical conditions. The refractive index of the sample and reference solutions have 
been separately taken into account since for a fixed detection solid angle the measured signal, 
Sm(λ), changes with refractive index of the sample according to [Pen87,Hol99]: 
2
)()(
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SS λλ ∝ .                          (4-15) 
  Consequently equations 4-13, 4-14 and 4-15 can be re-written as [Pen87,Hol99]: 
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where ( )λRIS , , )(, λRmS ,  and  are intrinsic spectral fluorescence photon density, the 
measured spectral fluorescence photon density, transmittance and reflectance of reference 
respectively. 
RRLT , RLR ,
  The fluorescence quantum yield is alternatively defined as the ratio of the emission rate to the 
total relaxation rate of the excited state de-population [Lac83]: 
nrr
r
F kk
k
+=φ .                            (4-18) 
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  Using the definition for fluorescence lifetime and radiative lifetime, fluorescence quantum yield 
can also be formulated as [Lac83]: 
rad
F
F τ
τφ = .                             (4-19) 
Eq. 4-19 is only valid if there is a single emitting component. In other words if the eq. 4-19 is not 
followed, multi-component emission is expected [Val02]. This situation occurs in static 
fluorescence quenching where part of the emitters are quenched by adjacent quencher molecules 
and the other part without an adjacent quencher emits with a longer fluorescence lifetime 
[Sch77]. 
4.2.3 Fluorescence anisotropy and degree of fluorescence polarization 
 
  Chromophores absorb and emit light along a preferred direction (absorption transition dipole 
moment and emission transition dipole moment respectively) [Val02]. The preferred absorption 
direction (direction of the transition dipole moment) is generally not same for transitions to 
different excited states. As a result the degree of fluorescence polarization changes with the 
excitation light wavelength (according to excitation to different transition states with different 
direction of transition dipole moments) [Lac83,Val02]. 
  In an isotropic solution, where chromophores are oriented randomly, polarized light excites the 
chromophores according to the angle which their electric dipole moment makes with the direction 
of excitation light polarization (photo-selection) [Val02]. This leads to partly polarized 
fluorescence emission which is reduced by rotational diffusion within the fluorescence lifetime of 
the excited state [Lac83]. 
  The degree of fluorescence polarization and the fluorescence anisotropy are defined as [Pen87]: 
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|| ,                            (4-21) 
respectively, where  and  are the fluorescence intensities of the parallel and perpendicular 
polarized emission with respect to the excitation light polarization direction. 
||I ⊥I
  In order to avoid the problem of the dependence of the fluorescence signal on the orientation of 
the transition dipole moment, for isotropic samples, the magic angle condition is used where the 
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detection polarizer is at an angle of Φ = 54.7° with respect to the excitation polarizer (magic 
angle). Under magic angle condition the fluorescence signal of isotropically oriented molecules is 
independent of the excitation wavelength and the reorientation of the molecules within the 
fluorescence lifetime [Val02]. 
4.3 Intermolecular interactions 
  In the intermolecular processes, an excited molecule ∗M  is usually de-excited by means of 
interaction with another molecule Q. Such a reaction is called quenching and the other molecule 
involved in de-excitation (Q) is known as quencher. 
  If the quencher molecule is attached to the molecule M or is near to the molecule M, one speaks 
of static fluorescence quenching of the excited molecule. On the other hand, if the quencher 
molecule diffuses to the excited molecules within the excited state lifetime of the excited 
molecules the process is known as dynamic fluorescence quenching [Eft91]. 
  Quencher molecules interact with the excited molecules by electron transfer or by energy 
transfer. These processes are discussed in the following. 
 
4.3.1 Electron transfer 
 
  Movement of an electron from one substrate (electron donor) to the other (electron accepter) is 
called electron transfer. It is named photo-induced electron transfer when the process is triggered 
by absorbing a photon. In other words photo-induced electron transfer is the property of certain 
molecules which become a stronger oxidizer or reducer upon photo-excitation. As shown in Fig. 
4-2, photo-induced electron transfer could be oxidative or reductive. 
  In most cases electron transfer occurs through an intermediate state in which donor and acceptor 
molecules are paired. This intermediate state is called encounter complex in the case of weak 
interacting pairs and exciplex (or excimer for chemically same donor and acceptor molecules) for 
the strong interacting pairs [Kav93,Val02]. 
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Figure 4-2: (Top): reductive electron transfer, excitation of the molecule M makes electron transfer possible from 
HOMO of quencher molecule to the HOMO of molecule M. As a result quencher is oxidized and M is reduced. 
(Bottom): oxidative electron transfer, excitation of molecule M makes transfer of an electron possible from 
LUMO of molecule M to the LUMO of quencher. As a result M is oxidized and quencher molecule is reduced. 
  The so-called Rehm-Weller equation, which is based on free energy change of the system upon 
photo-induced electron transfer are normally used to indicate if the electron transfer process is 
energetically favored [Kav93]. The free energy change is also used in Marcus theory to estimate 
the rate of electron transfer (for weak acceptor-donor interaction) [Gil91]: 
)exp(
RT
GZkel
∗∆−= ,                          (4-22) 
where Z is the frequency of collision, R is the gas constant, T is temperature and  is the free 
energy of activation for the electron transfer process. 
∗∆G
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4.3.2 Excitation energy transfer 
 
  Excitation energy can be transfered from an excited molecule (D, donor) to another molecule 
(A, acceptor) through radiative or non-radiative pathways. In radiative energy transfer, a photon 
emitted by a donor molecule is reabsorbed by another molecule which is chemically different or 
same: 
         . ∗∗
∗
→+−−→+
+→
DDhorAAh
hDD
νν
ν
  The radiative energy transfer decreases the fluorescence intensity of the donor molecule in the 
region of spectral overlap (inner filter effect) [Cro71]. The ratio of the absorbed photons by 
acceptor molecule to the emitted photons from donor, , is given by [Val02]: a
( )∫∞ −−=
0
,0 )101)((
1 λλφ
λε dEa AA CDF
D
l ,                   (4-23) 
where  is the concentration of acceptor (in mol dmAC
-3),  is the fluorescence quantum yield of 
donor in the absence of acceptor,  is sample thickness, 
0
Dφ
l ( )λDFE ,  is the fluorescence quantum 
distribution of donor and ( )λε A  is the extinction coefficient of acceptor. 
  Non-radiative energy transfer occurs without emission of a photon and results from short range 
(electron exchange) or long range (dipole-dipole) interactions where in both mechanisms spectral 
overlap between emission spectrum of donor and absorption spectrum of acceptor is necessary 
[Lac83]. 
  Long range coulombic dipole-dipole energy transfer was first formulated by Förster (also called 
Förster type energy transfer) in which energy transfer rate is calculated as [För60]: 
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where  and  are emission rate constant and fluorescence lifetime of donor in the absence DFk ,
0
,DFτ
of acceptor, r is the distance between donor and acceptor (supposed to be constant during the 
lifetime of donor), and R0 the so called critical distance (distance that spontaneous emission and 
non-radiative dipole-dipole energy transfer rates are same) is defined by: 
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Figure 4-3: (Top): coulombic energy transfer mechanism (Förster type energy transfer), the electron from the 
LUMO of donor molecule decays non-radiatively and as a result another electron in acceptor molecule is 
promoted to the excited state (or vise versa). (Bottom): electron exchange mechanism for energy transfer (Dexter 
type energy transfer), an electron transfer between the LUMO of the donor and acceptor molecules is 
accompanied by transfer of another electron between their HOMO [Val02]. 
  In the last equation, 2κ  is an orientational factor varying between 0 and 4. For isotropic 
orientation of the donor and acceptor the orientation factor is, 3
22 =κ [Val02]. 
Short range electron exchange energy transfer mechanism was initially formulated by Dexter in 
1953 (also called Dexter type energy transfer) [Dex53]. In contrast to the inverse sixth power 
dependence of Förster type energy transfer rate constant on distance between acceptor and donor 
molecules, an exponential dependence is found for the Dexter type energy transfer. In Fig. 4-3 
both Dexter and Förster type energy transfer mechanisms are shown schematically. It is 
worthwhile to note that singlet-singlet energy transfer ( )∗∗ +→+ ADAD 1111  is allowed in all types of 
short range and long range non-radiative energy transfer interactions, while triplet-triplet energy 
transfer ( )∗∗ +→+ ADAD 3113  is only allowed for electron exchange interactions [Val02]. 
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5 Experimental methods 
5.1 Absorption measurements 
The absorption cross-section spectra of dark adapted samples are determined by transmission 
measurements with a commercial double-beam spectrophotometer (Beckman type ACTA M IV). 
Using the relation ( )[ l]λαλ −= exp)(T , the transmission spectra )(λT  are converted to 
absorption coefficient spectra ( )λα , where  is the sample path length. l
Absorption cross-section spectra ,σa(λ), are related to the absorption coefficient spectra, α(λ), 
by the relation, Na
)()( λαλσ = , where N is the number density. In the investigated BLUF 
domains the concentration of the chromophores, FAD, FMN and riboflavin, was not known. 
Therefore the absorption cross-section spectra were determined by calibration to the absorption 
cross-section spectra of FAD, FMN or riboflavin (since the absorption cross section spectra of 
FAD, FMN and riboflavin for the applied pH conditions (pH8) are the same, they all could be 
equally used for calibration [Hol05]). For this purpose the absorption cross-section integrals 
( , where σ∫ ∫= νναννσνανσ ~)~(/~)~()~()~( , dd aRaa a,R(λ) is the absorption cross-section spectrum of 
riboflavin for example, and λν /1~ =  is the wavenumber) extending over the S0-S1 and S0-S2 
absorption band (λ > 310 nm) are set equal since the same chromophore(s) is(are) present 
[Hol02]. 
Fig. 5-1 shows the experimental setup used to obtain the absorption coefficient spectra of 
samples in the signaling-state. The small volume samples (1.5 ×1.5 ×3 mm3) are exposed with a 
high pressure mercury lamp through an interference filter (IF). An attenuated tungsten lamp is 
used as the probe light source. The probe light is focused on sample place by L1 and L2 lenses and 
imaged on the spectrometer by L3 and L4 lenses. It is detected with a diode-array photo-detector 
(tracor DARRS system) after dispersion in the spectrometer. 
Whenever necessary to improve the time resolution of dark recovery measurements, two 
mechanical choppers (Thorlabs, model SH05) are inserted in the excitation and probe paths (see 
Fig. 5-1). A pulse generator is used for timing of the choppers and detector. Although time 
resolution of about 10ms is achieved by using the choppers, the real time resolution is much 
longer (about 15 s due to the time required for data transfer from diode-array to computer).  
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Figure 5-1: Experimental setup for studying temporal development of absorption spectrum. LSp: light source for 
probe light (tungsten lamp). LSe: light source for excitation light (high pressure mercury or xenon lamp). L1-L6: 
lenses. IF: interference filter. Chop: triggerable mechanical chopper (used for fast dark recovery studies). SP: 
spectrometer. DA: diode-array. Trig: pulse generator (for triggering choppers and detector). S: sample. 
  For those cases where it was not essential to have the complete absorption spectrum, the 
temporal absorption changes due to the signaling state formation by light switch-on and due to 
back-recovery by light switch-off were studied by a probe light transmission measurement at a 
selected wavelength (via interference filter) with a silicon photo-diode as a detector (1cm2 cross-
sectional area) and a digital signal recorder (20 sample/sec) (same arrangement as Fig. 5-1, where 
polychromator and diode-array is replaced with a silicon photodiode and digital signal recorder). 
5.2 Spectral fluorescence measurements 
The fluorescence spectra were measured with a self-assembled fluorometer in front-face 
collecting arrangement [Pen87,Hol99] (Fig. 5-2). 
In the experimental setup shown in Fig. 5-2 a high pressure mercury lamp is used as excitation 
light source, where the excitation wavelength is selected by means of an interference filter (IF). 
The excitation light is focused to the sample place by the lenses L1 and L2. In the detection path 
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the fluorescence light is collected with L3 and L4 lenses and detected with a diode-array photo-
detector (tracor DARRS system) combined with spectrometer. 
 
Figure 5-2: Experimental setup used for spectral fluorescence measurements. LSe: light source for excitation 
(high pressure Mercury lamp or Xenon lamp). L1-L4: lenses. Pe and Pd: polarizers in excitation and detection 
path respectively. IF: interference filter. SP: spectrometer. DA: diode-array. S: sample. 
  For fluorescence polarization analysis and also fluorescence quantum yield measurements two 
polarizer sheets are used in the excitation and detection paths. 
  The fluorescence quantum distributions, )(λFE (see theory), were determined by vertical 
polarized excitation and magic angle detection (the polarizer transmission axis in detection path 
was set to an angle of  with respect to the vertical direction of the excitation light 
[Dam88]). The absolute fluorescence quantum yield and fluorescence quantum distribution for 
protein samples are obtained by comparing their fluorescence with a dye of known fluorescence 
quantum yield under the same experimental conditions. Since all the samples which are 
investigated here contain flavin as a chromophore, lumiflavin in pH8 water (φ
o74.54
F=0.235) is used as 
reference because of similar fluorescence spectrum and high photostability [Hol05]. 
  The fluorescence degree of polarization is determined by measuring fluorescence spectrums 
parallel, , and perpendicular, , to the excitation light polarization direction (polarization 
sensitivity of detection system considered in calculations). The arrangement shown in Fig. 5-2 is 
also used for fluorescence measurement of long-time exposed samples. 
||I ⊥I
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5.3 Temporal fluorescence measurements 
  The temporal fluorescence behavior of the samples is studied in different time ranges: Sub-
nanosecond to nanosecond (real time fluorescence life time measurement) and sub-picosecond to 
picosecond regions (with fluorescence up-conversion technique). 
5.3.1 Real time fluorescence measurements 
 
  The experimental setup used for real time fluorescence life time measurement is shown in Fig 5-
3, where frequency doubled (using a BBO crystal) short laser pulses from Ti:sapphire 
femtosecond oscillator-amplifier laser system (laser system Hurricane from Spectra-Physics, 
Darmstadt, Germany) at 400 nm are used for excitation. 
  The laser was operated with a pulse duration of pstL 4=∆ (FWHM) and a micro channel plate 
photomultiplier (MCP) (type R1564-U01 from Hamamatsu photonics Deutschland, Heidelberg, 
Germany) together with a high-speed digital oscilloscope (type DSO 9362 from LeCroy 
Deutschland, Heidelberg, Germany) were used for fluorescence detection. The fluorescence light 
is imaged on MCP via L3 and L4 lenses where the 400nm excitation light is blocked by an 
interference filter. For signaling-state fluorescence lifetime measurement the samples were 
excited using a high pressure mercury lamp (wavelength of which is selected by an interference 
filter and focused on the sample via L1 and L2 lenses) before the picosecond pulse excitation and 
fluorescence trace recording. The development of the fluorescence traces during long-time 
excitation was studied by continuous exciting the samples with high intensity light and taking 
fluorescence traces by single picosecond pulse excitations at certain time intervals. In addition the 
photodiodes PD1 and PD2 placed before and after sample enable transmission measurement 
during fluorescence trace recording. 
  The response function of detection system is obtained by recording a strongly attenuated laser 
pulse (obtained 1/e-time constant is τresp ≈ 370 ps). 
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Figure 5-3: Experimental setup used for real time fluorescence lifetime measurement. BBO: beta-BaB2O4 
nonlinear optical crystal for second harmonic generation (400 nm light generation). BS: beam splitter. L -L1 4: 
lenses. Pd: polarizer. IF: interference filter. LSe: excitation light source (high pressure mercury or xenon lamp). 
MCP: micro channel plate. PD: photodiode. S: sample. 
5.3.2 Fluorescence up-conversion 
 
  For fluorescence lifetime measurements at sub-picosecond to picosecond region the 
fluorescence up-conversion technique is used (Fig. 5-4). The principle of this technique is based 
on phase matched frequency mixing of the fluorescence light (excited by the frequency doubled 
femtosecond laser pulses) with a suitably time delayed fundamental laser beam in a nonlinear 
optical crystal. The so called up-conversion takes place only when the delayed laser pulse and 
fluorescence signal are both present at the BBOu crystal (where nonlinear up-conversion occurs). 
As a result the time resolution is limited to the laser pulse width [Dam88,Sch01]. 
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Figure 5-4: Experimental setup used for fluorescence lifetime measurement with up-conversion technique. M: 
mirror. BBOe: BBO crystal used for frequency doubling (400 nm light generation). BBOu: BBO crystal for sum 
frequency generation (up-converting fluorescence and gate beams). DM: dichroic mirror (reflecting 400 nm and 
transmitting 800 nm). Delayg: manual delay line for gate pulse (delay length 1 m).Delaye: stepper motor driven 
delay line (delay length 50cm). PM: parabolic mirror. F: filter (270-380 nm). LSe: excitation light source (high 
pressure Mercury lamp). L -L1 2: lens. IF: interference filter. PD: photodiode. PMT: photomultiplier. S: sample. 
  For measuring fluorescence lifetime with the up-conversion technique the laser was operated 
with 110 fs pulse duration. The samples were excited with frequency doubled (400 nm) 
femtosecond laser pulses, where a dichroic mirror was used to separate fundamental and 
frequency doubled beams. The generated fluorescence signal is collected by parabolic mirrors 
and focused on the second BBO crystal (0.2 mm thick) where the frequency mixing with the 
fundamental laser pulse takes place (type II phase matching [Boy92]: )()()( eoe SGF ννν →+ , o: 
ordinary polarized light and e: extraordinary polarized light, G: gate beam (here fundamental) and 
F: 400 nm excited fluorescence). The 400 nm beam is time delayed relative to the gate beam by 
using a stepper motor driven linear translation stage. The up-converted signal is passed through a 
broad band filter (Schott glass UG11 of 10mm thickness, transmission window from 270 nm to 
380 nm) and is detected with a photomultiplier tube (Valvo, type PM2254B) and a high speed 
digital oscilloscope (LeCroy, type DSO 9362). The second delay line (Delayg in Fig. 5-4) which 
is changed manually allows to increase the delay length of the system to follow the fluorescence 
decay over longer times, when necessary. 
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  To measure fluorescence lifetime of the signaling state, the high pressure mercury lamp 
(wavelength of which is selected by an interference filter and focused on the sample by L1 and L2 
lenses) is used to prepare the signaling state before femtosecond pulse excitation. 
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6 Results 
6.1 AppA 
  The BLUF domains AppA148 (amino acid residues 1-148, see Fig. 3-1) and AppA126 (amino acid 
residues 1-126) from R. sphaeroides are studied. 
6.1.1 Chromophore composition 
 
  Fig. 6-1 shows the thin-layer-chromatogram (TLC) analysis used for revealing mole fraction of 
non-migrating isoalloxazine derivatives, riboflavin, FMN and FAD. The extracted mole fractions 
are listed in Table 6-1 [Zir05].  
148 
126 
 
Figure 6-1: Thin-layer-chromatogram traces of FAD, FMN, Riboflavin (Ribo), AppA126 and AppA148 
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6.1.2 Absorption studies 
 
  The absorption coefficient spectra for AppA148 in the dark-state and signaling-state (prepared 
with excitation for 3 min at λexc = 428 nm, light intensity ) are shown in Fig. 6-
2. They are calculated from transmission measurements as described in chapter 5. As illustrated 
in Fig. 6-2, the S
201.0 −≈ WcmIexc
0-S1 absorption band of the signaling-state is 16nm red-shifted compared to that 
of the dark-state. 
 
Figure 6-2: Absorption coefficient spectra for AppA148 in dark-state (AppA148,r) and AppA148 in the signaling-
state (AppA148,s) in aqueous solution buffered to pH8. The S0-S1 absorption peak is 16 nm red-shifted compared 
to that of dark state. 
The absorption coefficient spectra are used to calculate the absorption cross-section where the 
absorption cross-section spectrum of riboflavin is employed for calibration, as described in 
chapter 5. 
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Figure 6-3: Absorption cross-section spectra of riboflavin, AppA148,r, and AppA148,s, in the aqueous solution at 
pH8.
Fig. 6-3 shows the absorption cross-section spectra for AppA148 in the dark-state and signaling-
state together with the absorption cross-section of riboflavin [Drö02] for comparison. The 
absolute absorption cross-section spectra of the signaling state of AppA BLUF are extracted from 
the intersection point at 454nm where the absorption cross-section of the dark adapted and light 
adapted forms are the same. Fig. 6-3 shows that the absorption cross-section spectra of AppA148,r 
and riboflavin are quite similar and only below 310 nm absorption cross-section of AppA148 is 
larger (mainly because of absorption contribution of aromatic amino acids [Leh93]). In addition 
the vibronic structures of the S0-S1 and S0-S2 absorption bands (444nm and 374nm respectively) 
are more pronounced for AppA than for riboflavin. 
  Similar absorption cross-section spectra for the dark-state and signaling state of AppA126 are 
obtained (data not shown). 
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6.1.3 Fluorescence studies 
 
The fluorescence quantum distributions are calculated from spectral fluorescence measurements 
as described in chapters 4 and 5. The absolute intrinsic fluorescence quantum distributions, EF(λ), 
are determined using riboflavin in water buffered to pH 7 (φF,R = 0.26 [Hol05]) as reference (by 
means of eqs. 4-12 and 4-13). Fig. 6-4a shows the absolute intrinsic fluorescence quantum 
distributions for dark-state and signaling-state proteins (AppA148 and AppA126) in buffer solution 
at pH 8 together with that of riboflavin and FAD in aqueous solution at pH 7 for comparison. As 
Fig. 6-4 shows, dark-adapted fluorescence spectra for AppA148 and AppA126 are approximately 
16nm blue-shifted compared to free flavins FAD and riboflavin. 
The fluorescence quantum yields are calculated from EF(λ) with the relation ( ) ( ) λλλφ dEFF ∫=  
(see chapter 4) and are listed in table 6-1. They are %2≈  and %1.0≈  for dark- and signaling-
states of AppA148 and  and  for dark- and signaling-states of AppA%2≈ %2.0≈ 126 respectively. 
The measured fluorescence quantum yields are much lower than fluorescence quantum yields for 
FMN, FAD and riboflavin in aqueous solution and at the same pH [Hol05]. 
The degree of fluorescence polarization spectra for dark and light adapted proteins (AppA148 
and AppA126) are shown in Fig. 6-4b. They are listed in Table 6-1 for dark-state and signaling-
state proteins. The degrees of fluorescence polarization are reasonably high, compared to that of 
free flavin in aqueous solution (e.g. PF ≈ 0.0146 for riboflavin in neutral aqueous solution 
[Leh93]), indicating that the non-covalently bound flavin chromophores are hindered in free 
rotation by the protein binding pocket.  
In addition to the spectral fluorescence measurements, temporal fluorescence measurements are 
carried out to possibly understand the mechanism/s leading to the fluorescence quenching of the 
flavins inside protein binding pocket.  
Fig. 6-5 shows the fluorescence traces excited with picosecond laser pulses (λL = 400 nm, ∆tL = 
4 ps) and fluorescence detected with a micro-channel-plate photomultiplier and a fast digital 
oscilloscope (real time lifetime measurement, see chapter 5). The response function of the 
detection system is shown by the dotted curve (approximately Gaussian shape with 1/e-time 
constant of τresp ≈ 370 ps). Outside the response-function region the fluorescence signals fit 
reasonably well with single exponential decay function. The best fitting decay times are given in 
the Fig.6-5a for AppA148 and Fig. 6-5b for AppA126 and are listed in Table 6-1. They are about 
 6. Results  42
 
 
Figure 6-4: (a) Fluorescence quantum distrbution, EF(λ), of dark-state and signaling-state AppA148 and AppA126 
in aqueous solution at pH 8 together with fluorescence quantum distribution of riboflavin and FAD in aqueous 
solution at pH 7. (b) Degree of fluorescence polarization, PF(λ), of dark-state signaling-state AppA148 and 
AppA126 in aqueous solution at pH 8. The fluorescence degree of polarization is shown in a single wavelength for 
the proteins in the signaling-state, due to the lower quality of the degree of fluorescence polarization spectra in 
this state.
τF,r,sl ≈ 900 ps for the dark-state, and τF,nc ≈ 1.1 ns to 1.6 ns for the signaling-state of the AppA148 
and AppA126 proteins.  
  The measured fluorescence lifetimes do not agree with average fluorescence lifetimes which are 
calculated by the eq. 4-19 (e.g. the average fluorescence lifetime of about 490 ps is calculated for 
AppA148,r while the fluorescence lifetime is measured to be 938 ps). This discrepancy is due to 
the presence of components with shorter fluorescence lifetimes [Fle86,Sch87,Eck82] which are 
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not resolved in the applied real-time measurements (due to not enough time resolution). In order 
to resolve these fast component/s fluorescence up-conversion measurements were employed.  
In Fig. 6-6 (AppA148 and AppA126 in the dark-state) and Fig. 6-7 (AppA148 and AppA126 in the 
signaling-state) the temporal fluorescence development was recorded by non-linear optical up-
conversion of the fluorescence light with variable time-delayed fundamental femtosecond laser 
pulses in a BBO crystal (see chapter 5). The line-connected circles are measured. 
 
 
Figure 6-5: Normalized temporal fluorescence signals, SF(t)/SF,max,dark, of dark-adapted (thick solid curve) and 
light-adapted (thick dashed curves) of (a) AppA148 and (b) AppA126 in aqueous solution at pH 8 buffer. 
Fluorescence excitation with femtosecond laser system (λL = 400 nm, pulse duration ∆tL = 4 ps, beam diameter at 
sample 3.5 mm, pulse energy attenuated to micro-channel-plate photomultiplier signal height in the 5 mV to 50 
mV range). Dotted line shows experimental response function of the detection system. Dash-dotted lines are 
single-exponential decay fits according to ]/)(exp[)()( 00 FFF tttStS τ−−= . The fit parameters are given in 
the figure. 
 6. Results  44
  The dotted curves show the response function of the measurement system (nearly triangular 
shaped with a decay half-width of τresp ≈ 300 fs).  
  These measurements reveal a component with a short fluorescence lifetime of τF,r,f  ≈ 230 ps for 
AppA148 and of τF,r,f  ≈ 120 ps for AppA126 together with a slow fluorescence lifetime 
components of τF,r,sl ≈ 940 ps for AppA148 and of τF,r,sl ≈ 870 ps for AppA126. On the other hand 
Fig. 6-7 shows fluorescence lifetimes of τF,s,f  ≈ 2.8 ps and τF,s,sl ≈ 48 ps for AppA148 and of τF,s,f  
≈ 2.2 ps and τF,s,sl ≈ 32 ps for AppA126 in the signaling-state.  
 
 
Figure 6-6: Femtosecond laser up-converted fluorescence signal versus femtosecond pulse delay time, t, for 
dark-state AppA148 (a) and AppA126 (b) in aqueous solution at pH 8 and at room temperature. Line-connected 
points are measured. Dash-dotted curve is a three-component exponential fit according to eq. 6-2 with parameters 
given in the figure. Dotted lines give response function of the system. 
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Figure 6-7: Femtosecond laser up-converted fluorescence signal versus femtosecond pulse delay time, t, for 
signaling-state (a) AppA148 and (b) AppA126 in aqueous solution at pH 8 and at room temperature. Line-connected 
points are measured. Dash-dotted curves are three-component exponential fit according to eq 6-2 with parameters 
given in the figure. Dotted lines give response function of the system. 
  The dash-dotted curves in Figs. 6-6 and 6-7 result from three-component exponential fits using 
the relation:  
∑
=
−−=
ncslfi
iFiFF ttxtStS
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,00 ]/)(exp[)()( τ ,                  (6-1) 
where xi is the mole-fraction of component i with fluorescence lifetime τF,i ( ). The 
fit parameters x
1
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=∑ = ncslfi ix
i and τF,i are listed in Figs. 6-6 and 6-7 and are collected in Table 6-1. The three-
component fit of the AppA BLUF domains implies that the fluorescence quantum efficiency, φF, 
of the domains is also composed of three components according to: 
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  In the regression fits of Figs. 6-6 and 6-7 the mole fractions, xi, of AppA conformations are 
assumed to be the same in the dark-state and the signaling-state (three distinct components). The 
time-constant  οf the longest-time component, τF,nc, is assumed to be the same for the dark-
adapted and the light-adapted states (no formation of a signaling state, time constants taken from 
Fig. 6-5a and Fig. 6-5b for AppA148 and AppA126 respectively). The other two components are 
thought to make conformational changes in conversion from the dark-adapted state to the light-
adapted state (rearrangement of hydrogen bonds, see discussion). Τhe time constants, τF,r,sl, of the 
slow dark-adapted forms are taken from Fig. 6-5a and Fig. 6-5b for AppA148 and AppA126 
respectively. In addition eq. 6-2 is used to implicitly determine the mole-fraction of one 
component in the dark-adapted and the light-adapted state. The other parameters are determined 
in the fits. A component with mole fractions of about 1% for AppA148 and about 2% for AppA126 
which has the same decay time in the dark-state and signaling-states could be explained if it is 
supposed that this component does not participate in signaling-state formation upon light 
exposure. It is likely that this small fraction of chromophore is adsorbed to the protein surface and 
is not in the protein binding pocket. It dominates the fluorescence when the proteins are in their 
signaling-states. This will also explain the rather low degree of fluorescence polarization in the 
signaling-state with respect to the dark-state and also the higher fluorescence quantum yields for 
dark-state and specially signaling-state of AppA126 compared to AppA148 (AppA126 has more 
fraction of this component compared to the AppA148, see Figs. 6-6 and 6-7). 
6.1.4 Photo-cycle dynamics 
 
  The absorption coefficient change at λp = 493.1 nm during high intensity light exposure, Iexp = 
0.01 W cm-2 at λexp = 428nm, for AppA148 and AppA126 are displayed in Fig. 6-8a. 
According to Fig .6-8a, the signaling state is formed quickly, but after formation the absorption 
during long-time exposure remains constant which indicates a high photo-stability of the light-
adapted form. Fig. 6-8a, allows the determination of the quantum yield of photo-degradation of 
the chromophores in the signaling-state, φD,s, for AppA148 and AppA126. It is defined as the 
number of degraded molecules to the number of absorbed photons and is determined by the 
relation: 
absph
Ds
sD n ,
,
,
Ν=φ .                           (6-3) 
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  Thereby  is the length-integrated number density of degraded signaling state 
molecules, l is the sample length, N
∫=Ν l DsDs dzN0 ,,
s,D, is the number density of degraded molecules, and nph,abs is 
the density of absorbed photons at the excitation wavelength λexc. Assuming that the degraded 
molecules do not absorb at the probe wavelength, then Νs,D is given by: 
psa
psapsa
Ds
tt
,,
2,,1,,
,
)]()([
σ
αα l−=Ν ,                     (6-4) 
in which ltTt pspsa /)](ln[)( 1,1,, −=α  and ltTt pspsa /)](ln[)( 2,2,, −=α  are the length-averaged 
absorption coefficients at time t1 and t2. The number of absorbed photons per cross-sectional area 
within the time interval t2 – t1 is: 
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where Iexc is the input light intensity and 2/)]()([ 21 tTtTT excexcexc +=  is the average transmission at 
λexc during the time period t2 – t1. 
  Although Fig. 6-8a shows no absorption coefficient decrease of the probing wavelength during 
long time exposure, taking the experimental accuracy into account, an upper limit for the 
quantum yield of photo-degradation of φD,s,max ≈ 1×10-6 is estimated for AppA148,s and AppA126,s. 
The dark recovery of AppA148 after 1 min exposure and of AppA126 after 318 sec excitation at 
room temperature and at 493.1 nm are shown in Fig. 6-8b. There the function:  
[ ] ⎟⎟⎠
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is used to fit the absorption decrease where τd,rec is the signaling state recovery time in dark at 
room temperature. The best fittings give 16.7 min for AppA148 and 18.8 min for AppA126. 
The finite dark recovery to the initial conformation at room temperature indicates some ground-
state barrier. The barrier height may be estimated using an Arrhenius-type function for the rate of 
transfer from the signaling state to the receptor state [Sch87,Mas02]: 
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Figure 6-8: (a) Temporal absorption coefficient increase at λp = 493.1 nm due to light exposure at λexc = 428 nm 
with an intensity of Iexc = 0.0108 W cm-2 for AppA148 and of Iexc = 0.0105 W cm-2 for AppA126. (b) Temporal 
absorption coefficient recovery in the dark at λp = 493.1 nm after light exposure at λexc = 428 nm. Data points are 
measured and curves are calculated by eq. 6-6 with recovery time constant, τrec, as fit parameter. Circles and solid 
curve: AppA148, time of light exposure texp = 1 min, excitation intensity Iexc = 0.0108 W cm-2, τrec = 16.6 min. 
Triangles and dashed curve: AppA126, texp = 318 s, excitation intensity Iexc = 0.0105 W cm-2. τrec = 18.8 min. 
where k0 is the attempt frequency of barrier crossing, Wb is the energy barrier height from the 
signaling ground-state to the receptor ground-state, kB is the Boltzmann constant, and ϑ is the 
temperature. The attempt frequency is given by the oscillation frequency of the potential well of 
the signaling state along the signaling-state to the receptor-state coordinate. It is typically of the 
order of 1012 Hz to 1013 Hz [Laa03,Web66a]. Using an attempt frequency of k0 = 1013 s-1, barrier 
heights of Wb = 1.5016×10-19 J (7554 cm-1) for AppA148 and Wb = 1.5064×10-19 J (7579 cm-1) for 
AppA126 are calculated.  
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Figure 6-9: Dependence of absorption spectra of AppA148 on the excitation light intensity. Excitation wavelength 
λexc = 428 nm, cell thickness = 1.5 mm, cell area, 1.5 mm × 3.5 mm. Exposure time, tl exp = 1 min. Time interval 
between exposures is 30 min for Iexc ≤ 1.6×10-3 W cm-2, and 40 min for Iexc > 1.6×10-3 W cm-2. (a) Length-
averaged total absorption spectra, ( )[ ] )()(/ln)( λαλαλλα saT +=−= l , including pure 
absorption, )(λα a , and scattering contribution, αs(λ), together with approximate scattering specta , αs(λ). (b) 
pure absorption spectra, )(λαa . (c) difference absorption spectra, )0,(),()( λαλαλα aexcad I −= . 
Conformational changes leading to hydrogen bond exchanges between chromophore and nearby 
amino acid residues have been discussed to stabilize the signaling state [Laa03]. 
  The excitation intensity dependence of absorption coefficient spectra for AppA148 is shown in 
Fig 6-9. There, part (a) shows the total absorption spectra, )()()( λαλαλα sa += , including the 
pure absorption, )(λαa , and the scattering part αs(λ) = αs(λ0) (λ0/λ)4 [Boh83]. Part (b) shows the 
pure absorption spectrum, αa(λ), where scattering contribution is subtracted and part (c) shows 
the difference absorption spectra of exposed and unexposed samples. Below 380nm the 
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extrapolated scattering contribution is not exact which causes some inaccuracy in the difference 
spectra there. 
  Similar absorption changes due to the excitation with different light intensities were obtained for 
AppA126 (data not shown). 
  The difference absorption spectra between exposed and unexposed samples, as shown in Fig .6-
9c, have their maximum at λp = 493.1nm. The difference absorption coefficient at 493.1nm as a 
function of excitation intensity, are shown in Fig. 6-10 for AppA148 and AppA126. They are used 
to extract the quantum yields of photo-induced signaling state formation, φs (eqs. 6-8, 6-9 and 6-
10, see below). 
Based on the performed absorption and fluorescence studies a scheme of the photo-cycle 
dynamics of the two photo-active components together with an inactive component of the AppA 
BLUF domains are shown in Fig. 6-11 (for both AppA148 and AppA126 proteins). 
As illustrated by Fig. 6-11, the receptor state excitation is the first event in photo-cycle. The 
excited chromophore could return back to the ground state by radiative or non-radiative processes 
or causes chromophore-protein rearrangement leading to a putative signaling-state formation 
(red-shift in absorption spectrum). The signaling-state recovers back to the receptor state at room 
temperature with a time constant, τrec. No further chemistry is observed due to photo-excitation 
indicating a high photo-stability of the proteins. 
  Following the suggested photo-cycle scheme, the temporal development of the active receptor 
and signaling state number densities are given by the following rate equation system: 
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where z is the coordinate along the propagation direction, σa,exc is the absorption cross-section of 
the dark-adapted sample at the excitation wavelength λexc, σa,s,exc is the absorption cross-section 
of the light-adapted sample at λexc ,τd,rec is the signaling state recovery time in the dark, αs,exc is 
the scattering coefficient at the excitation wavelength and N0 , Ns and Nnc are the total number 
density of chromophores, the number density of chromophores in the signaling-state, and the 
number density of the chromophores which are not in protein binding pocket respectively. 
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Figure 6-10: Intensity dependent increase of absorption coefficient of AppA148 (a) and AppA126 (b) at wavelength 
λp = 493.1 nm due to light exposure at λexc = 428 nm (dot-connected circles). Solid curves are calculated by use 
of eqs. 6-8 till 6-10. quantum yield, φs, of signaling-state formation is varied: (1) φs = 1, (2) 0.8, (3) 0.6, (4) 0.4, 
(5) 0.3, (6) 0.2, (7) 0.1, (8) 0.05 and (9) 0.01. 
The solid curves in Fig. 6-10 are calculated for different quantum yields, φs, by numerical 
solution of the equation system (6-8,9) and application of: 
psaspancrpa tNNtNt ,,,, )(])([)( σσα ++=                    (6-10) 
for the absorption coefficient ,αa,p(t), at the exposure time , t, and probe wavelength, λp, where  
Nr(t) = N0 – Ns(t) - Nnc  is the number density of chromophores in protein with receptor state 
conformation. The best fits to the experimental data give φs(AppA148) = 0.24 and φs(AppA126) = 
0.25.  
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Figure 6-11: Photo-cycle scheme of photo-active BLUF domains (right) and photo-excitation scheme of BLUF 
domains not taking part in receptor state – signaling state photo-cycle dynamics (left). 
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Table 6-1. parameters of AppA BLUF domains in aqueous solution at pH 8 and at room 
temperature. λexc = 428 nm; λp = 493.1 nm. Error bars are estimates taking experimental accuracy 
into account. 
 
Parameter AppA148  AppA126  Comments 
Chromophore composition     
xFAD 0.085±0.03  0.15±0.04  TLC 
xFMN 0.22±0.04  0.12±0.03  TLC 
xRf 0.54±0.04  0.67±0.05  TLC 
xiso 0.155±0.03  0.06±0.02  TLC 
Domain composition      
xf 0.776±0.03  0.548±0.03  Figs. 6-6, 6-7 
xsl 0.212±0.02  0.429±0.03  Figs. 6-6, 6-7 
xnc 0.012±0.004  0.023±0.004  Figs. 6-6, 6-7 
Photo-cycle characterization     
φs 0.24±0.03  0.25±0.03  Fig. 6-10 
τd,rec (min) 16.7±0.5  18.8±0.5  Fig. 6-8(b) 
Wb/(hc0) (cm )-1 7554±10  7579±10  eq. (6-7) 
State dependent parameters     
 Dark-adapted Light-adapted Dark-adapted  Light-adapted  
φF 0.02±0.002 (9.1±0.5)×10-4 0.0235±0.002 (2.2±0.2)×10-3 Fig. 6-4 
  φF,f ≈0.012 ≈0.00015 ≈0.0064 ≈0.00012 eq. (6-2) 
  φF,sl ≈0.049 ≈0.0025 ≈0.046 ≈0.0017 eq. (6-2) 
  φF,nc ≈0.059 ≈0.059 ≈0.082 ≈0.082 eq. (6-2) 
PF 0.385±0.01 0.37±0.01 0.345±0.01 0.33±0.01  
τF,f (ps) 232±20 2.77±1 121.7±20 2.2±1 Figs. 6-6, 6-7 
τF,sl (ps) 938±50 47.6±15 867±50 31.6±10 Figs. 6-6, 6-7 
τF,nc (ps) 1113±100 1113±100 1557±100 1557±100 Fig. 6-5 
σa,exc (cm2) 3.39×10-17 2.76×10-17 3.22×10-17 3.15×10-17 Fig. 6-3 
σa,p (cm2) 9.3×10-18 2.62×10-17 9.2×10-18 2.54×10-17 Fig. 6-3 
φD  < 1×10-6  < 1×10-6 eq. 6-3  
Fig. 6-8(a) 
 
Abbreviations: xFAD, xFMN, xRf, xiso, mole-fractions of FAD, FMN, riboflavin, and non-movable 
isoalloxazine moiety, respectively. xf, xsl, xnc, mole-fractions of BLUF domain conformations 
with fast fluorescence lifetime, slow fluorescence lifetime and the component non-convertible to 
signaling state correspondingly. 
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6.2 AppAH44R mutant 
  The results of absorption and emission spectroscopic studies on the AppA-H44R mutant protein 
are reported where the positively charged amino acid residue Histidine at position 44 (H44) is 
replaces with another positively charged amino acid residue Arginine (R) [Zir07]. 
6.2.1 Chromophore composition 
 
Fig. 6-12 shows the High-Pressure-Liquid-Chromatography (HPLC) diagram to extract the 
chromophore composition of the investigated AppA-H44R protein. The revealed mole fractions 
are listed in table 6-2. 
 
FAD 
FMN 
Ribo 
Figure 6-12: HPLC analysis for mole fraction of FAD, FMN and riboflavin (Ribo) in AppA-H44R 
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6.2.2 Absorption studies 
 
  Fig. 6-13 shows the absorption cross-section spectra of dark-adapted AppA mutant (AppA-
H44Rr) and saturated light-adapted protein (AppA-H44Rs prepared by excitation with 350-440 
nm, , and exposure time 217.0 −≈ WcmIexc st 20exp =∆ ). They are calculated from absorption 
coefficient spectra of the dark- and signaling-states of the protein where the absorption cross-
section spectrum of FMN at pH 7 [Isl03] is used to calibrate the spectra as described for the wild-
type AppA protein in the last section. 
 
Figure 6-13: Absorption cross-section spectra, σa(λ), of: AppA-H44Rr (dark-state), AppA-H44Rs(signaling-
state) and FMN in aqueous solution at pH 7 [Isl03]. 
  Similar to the light adapted wild-type AppA, the light-adapted AppA-H44R spectrum is also 
red-shifted with respect to the dark adopted spectrum. This shows that independent of the 
mutation the domain is still photo-active. 
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6.2.3 Fluorescence studies 
 
  The fluorescence quantum distributions, EF(λ), of AppA-H44Rr in the dark state (receptor state, 
excitation with Iexc ≈ 0.001 W cm-2 in a cell with magnetic stirrer to avoid signaling-state 
formation and photodegradation), in the signaling state (excitation with 0.0067 W cm-2 for 1.5 
min and signal accumulation for 5 min at 0.003 W cm-2 in a small-volume cell), and after 30 min 
of light exposure at Iexc ≈ 0.09 W cm-2 are shown in Fig. 6-14. The absolute intrinsic fluorescence 
quantum distributions, EF(λ), were determined by using lumiflavin in water buffered to pH7 as 
reference. 
 
 
Figure 6-14: Fluorescence quantum distributions of AppA-H44R. Solid curve: protein in receptor state 
(excitation wavelength: λexc = 428 nm, excitation intensity: Iexc = 1 mW cm-2, accumulation time: tacc = 5 min, 
solution circulation with magnetic stirrer). Dashed curve: protein in signaling state (λexc = 350-440 nm, Iexc = 6.7 
mW cm-2 over 1.5 min and then fluorescence detection with Iexc = 3 mW cm-2 over 5 min). Dash-dotted curve: 
partly degraded sample (λexc = 350-440 nm, Iexc = 0.09 W cm-2, texp = 30 min, fluorescence excitation at 365 nm). 
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Figure 6-15: Normalized temporal fluorescence signals, SF(t)/SF,max, of AppA-H44R determined by fluorescence 
up-conversion experiments. Line-connected circles are measured. Dash-dotted curves are three-component 
single-exponential fits. (a) Sample is in dark state. (b) Sample is in saturated light-adapted state (and partially 
degrading during measurement). Sample is continuously excited at λexc = 470 nm with Iexc = 0.023 W cm-2 for a 
duration of 30 min (up-conversion measurements are carried out during this time) 
The absolute fluorescence quantum yields, φF, are calculated from EF(λ) using the relation 
 and are listed in table 6-2. The smaller fluorescence of the signaling-state 
observed immediately after illumination shows that the fluorescence efficiency of the signaling 
state is smaller than that of the receptor state. The fluorescence signal after 30 min ofexposure is 
attributed the emission of lumichrome which is known to be formed by photo-degradation of free 
flavins [Hol05]. 
∫ λλ=φ dEFF )(
  Fluorescence up-conversion was used to measure temporal fluorescence traces of AppA-H44Rr 
(dark -state, in a cell with magnetic stirrer) and AppA-H44Rs (signaling-state, with partial free 
flavin degradation). The obtained fluorescence signals are shown in Fig. 6-15. The signal heights 
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are normalized to the signal maxima, i.e. SF(t)/SF,max, and plotted versus time. The system 
response function (not shown) had a symmetric trapezoid shape with 2 ps half-width, 0.4 ps rise 
time, and 0.4 ps decay time on the 80 % to 20 % level. It was obtained by white-light generation 
[Hol99] using the same experimental arrangement with 1 mm cell filled with pH 8 buffer solution 
and stronger pump laser focusing.  
  The experimental fluorescence data points are fitted by a three-component exponential function 
(eqs. 6-1,2). Similar to the wild-type AppA the regression fit revealed two photocycle-active 
components with slow and fast decay times together with a third component which belongs to the 
free flavin. The fit reveals the presence of a mole fraction of 16.0≈freex  free flavin in dark-state 
of the protein, whereas the amount of free flavin is found to be smaller for the protein in the 
signaling-state, Fig. 6-15b, due to free flavin photo-degradation mainly to lumichrome [Hol05]. 
The mole fractions and fluorescence lifetimes for these three components in the dark-state and 
signaling-state of AppA-H44R are listed in table 6-2. 
  The presence of free flavin indicates an equilibrium between holo-AppA-H44R (containing 
flavin), apo-AppA-H44R (without flavin), and free flavin according to 
flavinH44RAppAapoH44RAppAholo +−−↔−− . The dissociation constant, Kd, of this 
reaction is given by [Hol04]: 
0
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free
d −=−−
−−= ,              (6-11) 
where C0 is the total AppA-H44R concentration. Using the experimental values of C0 = 3.12×10-4 
mol dm-3 and xfree ≈ 0.16 one gets Kd ≈ 9.5×10-6 mol dm-3. 
6.2.4 Photo-cycle dynamics 
 
  The absorption coefficient spectra of AppA-H44R after 20 s exposure with different excitation 
intensities at λexc = 350-440 nm are displayed in Fig. 6-16. 
  It is seen that with rising excitation intensity the absorption spectra are more and more shifted to 
the longer wavelengths. Fig. 6-16 is used to extract the excitation intensity dependence of the 
absorption coefficients, αp, at λp =492 nm (wavelength position of largest absorption change 
between exposed and unexposed samples) in Fig. 6-17 (dot-connected circles). The quantum 
yield of photo-induced signaling-state formation, φs, is extracted from the excitation intensity 
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dependence of the absorption coefficient, αp, depicted in Fig. 6-17. The eqs. 6-8,9,10 are used for 
the calculation of quantum yield of signaling-state formation where the free flavin contribution is 
excluded (similar calculations are carried out for AppA protein in which the contribution of 
photo-cycle inactive component was excluded).  
 
 
Figure 6-16: Dependence of absorption spectra of AppA-H44r on excitation intensity. Temperature ϑ = 21.8 °C. 
l/)](ln[)( λλα T−=  is the length-averaged absorption coefficient. Excitation wavelength λexc = 350-440 nm. 
Cell thickness, l = 1.5 mm. Cell area 1.5 mm × 4 mm. Exposure time t  = 20 s. Excitation intensity, I , and 
time intervals between exposures, t , are given in the figure.
exp exc
sep
  The solid curves in Fig. 6-17 are calculated for different quantum yields, φs, by numerical 
solution of the equation system (6-8,9) and application of eq. 6-10. The best fit to the 
experimental data at low excitation intensities gives φs = 0.3±0.05. The deviation of the 
experimental data from the calculated intensity dependence at higher excitation intensities is 
thought to be due to photo-degradation and light scattering. 
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Figure 6-17: Intensity dependent increase of absorption coefficients of AppA-H44R at wavelength λp = 492 nm 
due to light exposure at λexc = 350-440 nm. Exposure time texp = 20 s. Temperature ϑ = 21.8 °C. Experimental 
data are taken from Fig. 6-16. Curves are calculated by use of Eqs. 6-8,6-9 and 6-10 with parameters of Figs. 6-
16,17 and N0 = 2.18×1016 cm , -3 σa,p = 1.17×10-17 cm , 2 σa,s,p = 3.15×10  cm , -17 2 σa,exc = 3.3×10  cm , -17 2 τrec =390 s. 
The used quantum yields of signaling state formation, φs, are (1) 1, (2) 0.8, (3) 0.6, (4) 0.4, (5) 0.3, (6) 0.2, (7) 
0.1, (8) 0.05, and (9) 0.0
  The spectral absorption recovery of AppA-H44Rs, after 20 s exposure at λexc = 350-440 nm with 
an intensity of Iexc = 0.17 W cm-2, to AppA-H44Rr is illustrated in Fig. 6-18a. The sample 
temperature was set to 21.8 °C. In addition the spectral changes, α(λ,td) - α(λ,texp = 0), are 
depicted in part (b) of the same Figure. In the long-wavelength range, λ > 430 nm, the signaling-
state absorption spectrum recovers nearly back to the dark-state spectrum. But in the short-
wavelength part, λ < 430 nm, additional absorption is built up during signaling-state relaxation to 
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the receptor state mainly due to free flavin photo-degradation to lumichrome [Hol05] during 
exposure. 
  The true signaling-state absorption coefficient spectrum is shown by the thick solid curve in Fig. 
6-18a. It is given by  αs = α(texp = 20 s)- [α(td = 75 min)-α(texp = 0)]. The absorption change of 
the signaling-state versus time after light switch-off and at λp = 491.9 nm is shown in Fig. 6-19b, 
while Fig. 6-19a gives the excitation light profile.  
 
Figure 6-18: Absorption behaviour of AppA-H44R after light switch-off. Sample was excited at λexc = 350-440 
nm with Iexc = 0.17 W cm-2 for texp = 20 s. Temperature was ϑ = 21.8 °C. (a) Absorption coefficient spectrum. (b) 
Difference spectrum α(λ,t) - α(λ,texp = 0). 
In Fig. 6-19b curves are presented for three different sample temperatures, ϑ = 12.3 °C, 21.8 °C 
and 31.5 °C. The absorption recoveries at λp = 491.9 nm are fitted by single-exponential 
functions (eq. 6-6). The obtained recovery times are shown in Fig. 6-19 and listed in table 6-2.  
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As described for AppA, domain recovery from the signaling to the dark-state can be explained by 
a barrier height, Wb, between the signaling-state and dark-state. Using the Arrhenius-type 
equation (eq. 6-7) at two temperatures, ϑ1 and ϑ2, gives: 
[ ]
21
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recdrecdB
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k
W .                    (6-12) 
  Inserting experimental data into eqs. 6-7 and 6-12 the barrier height and attempt frequency are 
calculated to be Wb = 1.36×10-19 J ( )/(~ 0hcWbb =ν  = 6846 cm-1) and k0 = 8×1011 s-1. 
 
 
Figure 6-19: Temporal absorption behavior due to pulsed light exposure (duration 20 s, intensity 0.17 W cm-2) 
for three different temperatures, , ϑ = 12.3 °C (open circles), 21.8 °C (triangles), and 31.5 °C (filled circles). (a) 
Excitation intensity profile. (b) Absorption coefficient development at probe wavelength, λp = 491.9 nm. 
  The signaling-state photo-degradation due to long-time exposure is seen in Fig. 6-20. The 
sample is exposed for 60 min at λexc = 470 nm with an intensity of Iexc = 0.023 W cm-2. For 
exposure times longer than 10 min light scattering gets more and more severe. 
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Two corrected curves are included in Fig. 6-20 for the exposure times of 36 min and 60 min 
where the scattering contribution is subtracted ( )()()( λαλαλα scattermeasurecor −=  with 
 [Ker69] where λ( 400 /)()( λλλαλα measurescatter = ) 0 is in the transparent region, here λ0 = 550 nm is 
used). The photoproduct absorption at 60 min of light exposure is obtained by subtracting the 
signaling state absorption contribution from the scattering-corrected absorption spectrum at that 
time. The obtained photoproduct spectrum has the same spectral shape as the lumichrome 
absorption cross-section spectrum (Fig. 2-3).  
  The quantum efficiency of photo-degradation, φD, is estimated from the ratio of the length-
integrated number density of photo-degraded flavin molecules to the number density of absorbed 
photons: 
absph
D
D n ,∆
∆Ν=φ .                            (6-13) 
  The length-integrated number density of the degraded molecules (converted to lumichrome) is 
approximately given by: 
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αα −=∆Ν l .                       (6-14) 
N0 is the total number density of flavin molecules in the sample, given by )(/)( ,00 λσλα raN −= . 
αp(ti) = -ln[Tp(ti)]/l, is the absorption coefficient at the probe wavelength, λp, at time ti. Tp(ti) is 
the transmission at wavelength λp and time ti. αp,ini is the absorption coefficient at λp before 
degradation (initial signaling state absorption for AppA-H44Rs, or initial receptor state absorption 
for AppA-H44Rr). The number density of absorbed photons is given by the eq. 6-5. The analysis 
of the absorption coefficient development with time, depicted in Fig. 6-21 for λp = 456 nm (data 
taken from Fig. 6-20), gives φs,D = (2.0±0.3)×10-4 (N0 = 3.12×1016 cm-3, l = 0.15 cm, Iexc = 0.023 
W cm-2, λexc = 470 nm) in the time interval between t1 = 1 min and t2 = 5 min. There free flavin is 
dominantly photo-degraded. Using an initial fraction of free flavin of xfree ≈ 0.16 (Fig. 6-15a) a 
quantum yield of free flavin degradation of φD,free ≈ 0.00125 is estimated in reasonable agreement 
with free flavin photo-degradation studies [Hol05]. In the time range from 10 min to 36 min the 
absorption decrease gives φs,D = (5.9±1)×10-5. Here the degradation is thought to be due to flavin 
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release from the protein binding pocket in the signaling-state and subsequent degradation. The 
photo-degraded flavin is likely also accepted by the protein.  
 
Figure 6-20: Absorption spectra development due to long-time light exposure at λexc = 470 nm with Iexc = 0.023 
W cm-2. Corrected curves belonging to 36 min and 60 min of exposure are included (the scattering contribution is 
subtracted ( ). For t( 400 /)()( λλλαλα scasca = ) exp = 60 min also the photoproduct contribution is shown 
(subtraction of signaling-state contribution from the corrected spectrum). Its shape agrees with the lumichrome 
absorption spectral shape. 
  The above suggested model for degradation of flavin outside of the protein binding pocket, 
flavin release from the protein binding pocket in the signaling state and subsequent degradation is 
further supported by the fluorescence quantum yield measurement during intense long-time 
exposure.  
The temporal development of the fluorescence quantum yield in the case of intense long-time 
exposure is shown in Fig. 6-22.  
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Figure 6-21: Temporal absorption coefficient development at probe wavelength, λp = 456 nm due to the long-
time light exposure at λexc 470 nm with Iexc = 0.023 W cm-2. 
The dependence was obtained by: continuous excitation with a mercury lamp in the wavelength 
region from 350 nm to 440 nm (broadband interference filter, intensity Iexc = 0.12 W cm-2), 
recording the temporal fluorescence traces by 3 ps pulse excitation at 400 nm, and finally 
fluorescence signal detection in the 500 nm to 600 nm region with a micro-channel-plate 
photomultiplier (the same experimental arrangement as shown in Fig. 5-3). 
The initial reduction of fluorescence efficiency within the first 30 s is due to signaling state 
formation and photo-degradation of free flavin mainly to lumichrome [Hol05]. Then it continues 
reduction of fluorescence efficiency by photo-degradation of free flavin mainly to lumichrome. 
The slight rise of fluorescence quantum yield with time after about 6 min of exposure is thought 
to be due to photo-degradation of free coiled FAD to lumichrome, and due to release of non-
covalently bound flavin to free flavin with subsequent conversion to lumichrome. It should be 
noted that FAD is more photo-stable than FMN or riboflavin [Hol05].  
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Figure 6-22: Temporal development of normalized fluorescence quantum yield, φF(t)/φF,dark, due to long-time 
light exposure. Excitation wavelength λexc = 350-440 nm, excitation intensity Iexc = 0.12 W cm-2. 
The performed spectral and time-resolved studies lead to the following photo-dynamics 
behaviour which is illustrated in Fig. 6-23: The AppA-H44R holoprotein is in thermodynamic 
equilibrium with AppA-H44R apoprotein and free flavin. Photo-excitation of dark adapted 
AppA-H44R holoprotein (called AppA-H44Rr) leads to excited singlet state population (S1-state). 
From there fluorescence emission occurs with a quantum efficiency of φF(AppA-H44Rr,f) = 
τF,f,r/τrad ≈ 0.004 and φF(AppA-H44Rr,sl) = τF,sl,r/τrad ≈ 0.046. The photo-excitation leads to the 
AppA-H44R signaling state formation (called AppA-H44Rs) showing up in absorption red-shift 
and enhanced fluorescence quenching. 
  The fluorescence quantum yields of the flavins in the signaling state conformations of AppA-
H44Rs are rather small, i.e. φF,f(AppA-H44Rs) = τF,f,s/τrad ≈ 6.7×10-5 and φF,sl(AppA-H44Rs) = 
τF,sl,s/τrad ≈ 0.018. The AppA-H44R mutant in the signaling- state relaxes back to the initial 
receptor state in the dark with a time constant of τrec ≈ 6.5 min at room temperature (21.8 °C), 
 6. Results  67
while that of wild-type AppA is about 17 min at the same temperature. The photo-excitation of 
flavin in the mutant domain, both in the receptor state and in the signaling state, causes some 
protein aggregation likely via apoprotein denaturation. The aggregation shows up in light 
scattering (light scattering efficiency is proportional to degree of aggregation4 [Ker69]). During 
and after the photo-degradation process of AppA-H44R it is thought that there is again a 
thermodynamic equilibrium establishment between the free flavin including lumichrome and the 
non-covalently bound flavin (lumichrome is thought to be accepted in the domain binding 
pocket). Decreasing the free flavin (FAD, FMN and riboflavin) content explains the decrease of 
quantum yield of photo-degradation with exposure time. 
 
 
Figure 6-23: Suggested photo-cycle for AppA-H44R together with photodegradation scheme (see text) 
 
 
 
 
 
                                                 
4 Number of the monomers in the aggregate. 
 6. Results  68
Table 6-2:Determined parameters for AppA1-148-H44R BLUF domain mutant in aqueous solution at pH 8 and at 
room temperature 
 
Parameter AppA1-148-H44Rr AppA1-148-H44Rs Comments to 
mutant data 
Chromophore composition:   
xFAD 0.50±0.05  HPLC 
xFMN 0.27±0.04  HPLC 
xRf 0.23±0.04  HPLC 
Domain composition (xf + xsl + xfree = 1):  
xf 0.63±0.03 0.695 Fig. 6-15 
xsl 0.21±0.02 0.227 Fig. 6-15 
xfree 0.16±0.02 0.078 Fig. 6-15 
Photo-cycle characterization:   
φs 0.30±0.05  Fig. 6-17 
τrec (min)  6.5±0.5 Fig. 6-19, at 21.8° C 
Wb/(hc0) (cm-1)  6846±100 Eq. 6-12 
δλs,r (nm) 12±1  Fig. 6-13 
State dependent parameters:   
φF 0.04±0.005 0.03±0.005 Fig. 6-14 
  φF,b ≈ 0.014 ≈ 0.0041 See text 
  φF,f ≈0.004 ≈6.7×10-5 τF,f/τrad
  φF,sl ≈0.046 ≈0.018 τF,sl/τrad
  φF,free ≈0.245  τF,free/τrad
τF,f (ps) 80±10 1.3±0.2 Fig. 6-15 
τF,sl (ps) 896±50 350±100 Fig. 6-15 
τF,free (ps) 4780±100 4700±1000 Fig. 6-15 
φD,0  (2±0.3)×10-4 Fig. 6-21 
Abbreviations: xFAD, xFMN, xRf mole-fractions of FAD, FMN, and riboflavin. xf, xsl, xfree, mole-fractions of flavin in 
BLUF domain conformations with fast fluorescence lifetime, slow fluorescence lifetime, and not bound to protein, 
respectively. φs, quantum yield of signaling state formation. τrec is the recovery time of BLUF domains after light 
exposure from signaling state back to receptor state in the dark. Wb/(hc0), energy barrier from signaling state to 
receptor state (h is Planck constant, c0 is vacuum light velocity). φF is total fluorescence quantum yield. φF,f, φF,sl, 
φF,free are fluorescence quantum yields of fast and slow conformation of the BLUF domains, and of free flavin, 
respectively. φF,b is average fluorescence quantum yield of non-covalently bound flavin 
[ )/()( xxxx ++=, slfslslffbF φφφ ]. τF,f, τF,sl, τF,free, fluorescence lifetimes of fast, and slow BLUF conformations 
and of free flavin, respectively. φD,0 is initial quantum yield of photo-degradation. 
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6.3 BlrB 
  The BLUF protein BlrB (amino acid residues 1-140, see Fig. 3-6) from R. sphaeroides as 
expressed from E. Coli with non-covalently bound FAD, FMN and riboflavin (named BlrBI) and 
also the reconstituted protein with only FAD as chromophore (named BlrBII) is studied [Zir06a]. 
6.3.1 Chromophore composition 
 
  The chromophore compositions of the BlrB proteins are revealed by thin-layer chromatography 
(TLC) and are listed in Table 6-3. The thin layer chromatogram for BlrBI and BlrBII are shown in 
Fig. 6-24a and 6-24b respectively. 
 
 
(b) (a) 
Figure 6-24: Thin-layer-chromatography analysis of: (a) BlrBI and (b) BlrBII. together with traces for FAD, 
FMN and riboflavin (Ribo) for comparison. 
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6.3.2 Absorption studies 
 
  Fig. 6-25 shows the absorption cross-section spectra for BlrBI in the fresh dark-state (BlrBI,r) 
and signaling-state (BlrBI,s, prepared by excitation at 350-440 nm for 4 s, Iexc = 0.35 W cm-2). 
They are calculated from the absorption coefficient spectra for BlrBI in the dark- and signaling-
state as described for wild-type AppA and are calibrated to the absorption cross-section spectrum 
of FMN at pH 7 [Isl03] (see chapter 5). As shown in Fig. 6-25, except more pronounced vibronic 
structures of S0-S1 (around 450 nm) and of the S0-S2 absorption band (around 375 nm) the shapes 
of the absorption cross-section spectra of BlrBI,r and FMN are quite similar. Like the other BLUF 
proteins the BlrBI,s absorption spectrum is shifted to longer wavelengths compared to the BlrBI,r 
spectrum. Within our experimental accuracy the same absorption cross-section spectra were 
obtained for BlrBI, and BlrBII (curves only shown for BlrBI). 
 
Figure 6-25: Absorption cross-section spectra of fresh dark-state of BlrBI (called BlrBI,r) and photo-induced 
signaling-state of BlrBI (called BlrBI,s) in aqueous solution buffered to pH8, and FMN in aqueous solution at pH 
7 for comparision. 
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6.3.3 Fluorescence studies 
 
  The absolute fluorescence quantum distributions, EF(λ), of dark-adapted BlrBI (BlrBI,r), BlrBI in 
the signaling state (BlrBI,s), and of photo-degraded BlrBII (BlrBII,d) in aqueous solution at pH 8 
are shown in Fig. 6-26. They are calibrated using lumiflavin in aqueous solution at pH 7 (φF = 
0.235 [Hol05]) as reference. The fluorescence quantum distributions of FAD in neutral aqueous 
solution and that of lumichrome in aqueous solution at pH 8 are included in Fig. 6-26 for 
comparison. The fluorescence quantum yields, φF, are calculated from EF(λ) (see chapter 4) and 
are listed in Table 6-3. The fluorescence spectrum of the dark-adapted BlrBI protein is 16 nm 
blue-shifted compared to the fluorescence spectrum of FAD. 
 
 
Figure 6-26: Fluorescence quantum distribution, EF(λ), of BlrBI,r, BlrBI,s, BlrBII,d, lumichrome in aqueous 
solution at pH 8 and FAD in neutral aqueous solution. 
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The fluorescence quantum distribution of photo-degraded BlrB is broadened to the short-
wavelength side resembling the fluorescence spectra of photo-degraded flavins where 
lumichrome and lumiflavin derivatives were identified [Hol05]. 
Fig. 6-27 shows temporal fluorescence traces of BlrBI. The thick solid line belongs to BlrBI,r and 
the thick dashed line belongs to BlrBI,s. The dotted line shows the system response function 
(approximately Gaussian shape with 1/e-time constant of τresp ≈ 370 ps). For BlrBI,r the 
fluorescence trace is composed of bound flavin emission (short-time contribution) and free flavin 
emission (long-time emission of FMN and riboflavin). For BlrBI,s only the long-time free flavin 
emission is observed.  
 
Figure 6-27: Normalized temporal fluorescence signal, SF(t)/SF,max,dark, of BlrBI in aqueous solution at pH 8. 
Thick solid curves belong to BlrBr, thick dashed curves belong to BlrBs. Dotted curves show response function of 
detection system. Thin solid curves are calculated convolution curves (eqs. 6-1,15). Xfree = 0.08. Concentration = 
9.3×10-5 mol dm-3 (0.093 mM). Convolution curves are calculated for τF,FMN = 5 ns, τF,FAD = 0.7 ns, βFAD = 0.42, 
τF,sl = 700 ps and (1): xsl = 0.3, xf = 0.62, τF,f = 22.6 ps; (2): xsl = 0.2, xf = 0.72, τF,f =116.7 ps; (3): xsl = 0.1, xf = 
0.82, τF,f = 187.8 ps; (4): xsl = 0, xf = 0.92, τF,f = 243.5 ps. 
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Figure 6-28: Normalized temporal fluorescence signals, SF(t)/SF,max,dark of BlrBII in aqueous solution at pH8 C0 = 
1.05×10-4 mol dm-3 (0.105 mM). Convolution curves are calculated for τF,FAD = 0.7 ns,  βFAD = 1, τF,sl = 700 ps 
and (1): xsl = 0.3, xf = 0.62, τF,f = 64.35 ps; (2): xsl = 0.2, xf = 0.72, τF,f = 152.6 ps; (3): xsl = 0.1, xf = 0.82, τF,f = 
219.4 ps; (4): xsl = 0, xf = 0.92, τF,f = 271.6 ps. 
  In Fig. 6-28 the temporal fluorescence behaviour of BlrBII,r the fluorescence trace for BlrBII,s 
(dashed curve) together with the corresponding response function (dotted curve) are shown. The 
fluorescence traces are mainly dominated by free flavin emission. 
  The measured decay times of the fluorescence traces, Figs. 6-27 and 6-28, do not agree with the 
average fluorescence lifetimes determined from eq. 4-19 (e.g. the average fluorescence lifetime 
for BlrBI,r is calculated to be 452 ps while the fluorescence decay time of 700 ps is measured). As 
a result the fluorescence signal traces of BlrB can be considered as a composition of at least three 
dominant components, free flavin contributions (mole-fraction xfree) and contributions from two 
dominant BlrB conformations with mole-fraction xf of conformation BlrBf with shorter 
fluorescence lifetime (faster decay) and mole-fraction xsl of conformation BlrBsl with longer 
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fluorescence lifetime (slower decay). Therefore the true fluorescence signal of the BlrB can be 
written as a three component exponential decay function, eq. 6-1, where the experimental signal, 
SF(t), is the convolution of the δ-function fluorescence signal, SF,δ(t), with the system response 
function, g(t), according to: 
∫ ∞− ′′−′= t FF tdttStgtS . , )()()( δ .                       (6-15) 
  The total fluorescence efficiency is also composed of the three components, revealed in 
fluorescence decay analysis, according to the eq. 6-2. 
  The mole-fraction, xfree, of free flavin is determined approximately by the long-time 
fluorescence signal of BlrB protein in the signaling-state. The mole fraction, xf, of BlrB with fast 
fluorescence decay time is determined by comparing with calculated convolution curves. The 
mole-faction xsl of BlrB with slower fluorescence relaxation is given by ffreesl xxx −−= 1 . The 
time constants, τF,free and τF,sl, are predetermined by a regression fit in the range t > 700 ps. The 
fast fluorescence lifetime, τF,f, is determined by the relation: 
f
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which is derived from eq. 6-2. βFAD is the fraction of FAD in the flavin cofactor (from TLC 
analysis). Some convolution curves are shown in Figs. 6-27 and 6-28 (thin solid curves). The 
applied parameters are listed in the caption of the Figures. The parameters fitting to the 
experiments are listed in Table 6-3. 
  The existence of the free flavin can be interpreted as an equilibrium between the holoprotein 
holo-BlrB (protein containing flavin), the apoprotein apo-BlrB (protein without flavin) and the 
free cofactor, flavin, according to flavinBlrBapoBlrBholo +−↔− . The dissociation constant, 
Kd, of this reaction is given by eq. 6-11. Inserting the experimental data: C0 = 9.3×10-5 mol dm-3 
(1 mol dm-3 = 1 molar =1 M) and xfree = 0.08, gives Kd = 6.5×10-7 mol dm-3. 
6.3.4 Photo-cycle dynamics 
 
  The length-averaged absorption coefficient spectra, )(λα , at different excitation light intensities 
after 4 s of light exposure (at λexc = 428 nm for Iexc < 0.014 W cm-2 and λexc =350-440 nm for Iexc  
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Figure 6-29: Intensity dependent signaling state formation of BlrBII in aqueous solution at pH 8. Cell thickness l 
= 1.5 mm; cell area, 1.5 mm × 3.5 mm. Exposure time, texp = 4 s. Excitation intensity, Iexc is varied. Excitation 
wavelength is selected with interference filters to λexc = 428 nm (3.4 nm FWHM) for Iexc ≤ 0.014 W cm2, and to 
λexc = 350-440 nm for Iexc ≥ 0.014 W cm2. Time interval between exposures is tsep = 2 min for Iexc ≤ 3.5×10-4 W 
cm-2, and tsep = 10 min for Iexc > 3.5×10-4 W cm-2. (a) Length-averaged absorption coefficient spectra, 
l/)](ln[)( λλα T−=  (T is transmission, l is sample length) at various excitation intensities. (b) Absorption 
coefficient difference spectra, )0,(),( λαλα −excI  for various excitation intensities (data taken from part (a)). 
> 0.014 W cm-2) are shown in Fig. 6-29a for BlrBII. The temperature was set to ϑ = 22.5 °C. A 12 
nm spectral red-shift from the receptor-state (BlrBII,r) to the signaling state (BlrBII,s) (at higher 
intensities) is clearly seen. The difference spectra, )0,(),( λαλα −excI are displayed in Fig. 6-29b. 
The most pronounced absorption change takes place at 493.1 nm. The excitation intensity 
dependence of the absorption coefficient, pα , at λp = 493.1 nm is displayed by the dot-connected 
filled circles in Fig. 6-30a for BlrBII and in Fig. 6-30b for BlrBI.  
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Figure 6-30: Intensity dependent increase of absorption coefficients of BlrBII (a) and BlrBI (b) due to light 
exposure. Curves are calculated by use of eqs. 6-28 till 6-30. Quantum yield, φs, of signaling state formation is 
varied: (1) φs = 1, (2) 0.8, (3) 0.6, (4) 0.4, (5) 0.2, and (6) 0.1. (a) BlrBII. Probe wavelength, λp = 491.4 nm. 
Excitation wavelength, λexc = 428 nm for Iexc < 0.014 W cm-2 and λexc = 350-440 nm for Iexc ≥ 0.014 W cm-2. 
Experimental data are taken from Fig.6-29a. (b) BlrBI: λp = 493.5 nm, λexc = 350-440 nm. 
  The rise in absorption will be exploited below (eqs. 6-29, 6-30, 6-31) to extract the quantum 
efficiency of signaling state formation. 
  The temporal development of the absorption coefficients at probe wavelength λexc = 493.1 
nm, pα , upon high intensity irradiation of BlrBII at λexc = 350-440 nm over a period of 4 s is 
displayed in Fig. 6-31. In part (a) the intensity profile of the excitation pulse is shown where in 
part (b) the temporal development of the absorption coefficient, )(tpα , is shown for the sample at 
three different temperatures. The signaling state forms quickly and remains constant within the 
exposure time.  
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Figure 6-31: Photo-induced intermediate signaling-state formation and its recovery after light switch-off to the 
initial dark state of BlrBII in aqueous solution at pH 8. (a) Excitation intensity profile. Excitation wavelength 
range λexc = 350-440 nm. (b) Temporal absorption coefficient dependence at λp = 493.1 nm. Curves are shown for 
three different sample temperatures. They fit to single-exponential decays, eq. 6-6, with time constants, τs,rec, 
listed in the figure. 
The signaling state dark recovery to the original receptor state obeys a single-exponential decay 
(eq. 6-6). The decay time, τs,rec, fastens with rising temperature. At ϑ = 22 °C the recovery time is 
τs,rec = 1.93 s. Practically the same absorption recovery time of τs,rec = 2.05 s was measured for 
BlrBI at ϑ ≈ 22 °C. 
  The temperature dependent dark recovery of BlrBII,s is used to calculate the barrier height, Wb, 
between the signaling-state and dark-state of the protein, by use of eqs. 6-7 and 6-12. Inserting 
experimental data for BlrBII a barrier height of Wb = 8.617×10-20 J ( )/(~ 0hcWbb =ν  = 4338 cm-1) 
and an attempt frequency of are calculated. In Fig. 6-32a absorption coefficient  180,, 108
−×= sk recs
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Figure 6-32: Absorption spectra development of BlrBII in aqueous solution at pH 8 during light exposure (a) and 
after light switch-off (b). (a) Excitation intensity Iexc = 0.354 W cm-2. Excitation wavelength range λexc = 350-440 
nm. Dotted curve shows expected absorption coefficient spectrum of sample composed of 1,5-dihydro-flavin. (b) 
Recovery after 4 min of light exposure at λexc = 350-440 nm with Iexc = 0.354 W cm-2. Dark time td is varied.  
spectra of BlrBII at different times of high-intensity light exposure are shown. These times are 
long compared to the signaling-state recovery time, τs,rec. The sample was excited at λexc = 350-
440 nm with an intensity of Iexc = 0.354 W cm-2. 
  The absorption bands centred at 450 nm (S0-S1 transition) and 375 nm (S0-S2 transition) 
decrease and a new absorption band centred at 610 nm appears. There the S0-S1 absorption band 
of neutral flavin-semiquinone is located (see Fig. 2-6). The absorption recovery of BlrBII after 4 
min of light exposure at λexc = 350-440 nm with Iexc = 0.354 W cm-2 is displayed in Fig. 6-32b. 
The dominant part of the neutral flavin-semiquinone absorption in the wavelength range > 520 
nm disappears with a time constant of about 10 s, and the oxidized flavin absorption in the range 
from 500 nm to 330 nm recovers with a time constant of about 1.5 min. 
 6. Results  79
 
Figure 6-33: Dynamics of FAD-semiquinone formation and decay in BlrBII. Sample is exposed for 10 min at λexc 
= 350-440 nm with Iexc = 0.354 W cm-2. Probe wavelength λp = 610 nm. Points measured during light exposure 
are spline-interpolated. Absorption in the dark is fitted by αp(t) = αp(t0) {β1exp[-(t-t0)/τsq,1]+(1-β1) exp[-(t-
t0)/τsq,2]} with t0 = 10 min, β1 = 0.718, τsq,1 = 9.5 s, and τsq,2 = 6.84 min. 
  The temporal absorption behaviour at λp = 610 nm (S0-S1 absorption band of flavin-
semiquinone) due to light exposure (for a duration of 10 min at λexc = 350-440 nm, Iexc = 0.354 W 
cm-2) is displayed in Fig. 6-33. 
  Upon excitation the absorption rises steeply to a plateau value from which it decays bi-
exponentially after light switch-off with time constants of τsq,1 ≈ 9.5 s (fraction β1 = 0.72) and 
τsq,2 ≈ 6.8 min (fraction β2 = 0.28). The FAD-semiquinone (5-hydro-FAD) is thought to fully 
reduce with these two time constants to 1,5-dihydro-FAD. The reduced flavin, recovers back to 
the receptor state in the dark at room temperature. 
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Figure 6-34: Temporal absorption behaviour, )(tpα , at λp = 445.8 nm of BlrBII. Light exposure at λexc = 350-
440 nm with Iexc = 0.354 W cm-2. (Data partly extracted from Fig. 6-32). Curves are calculated (eqs. 6-19 till 6-
26) with parameters in Table 6-3, σa,r,exc = 3.08×10-17 cm2, σa,s,exc = 3.22×10-17 cm2, σa,sq,exc = 2.52×10-17 cm2, 
σa,re,exc = 0, σa,d,exc = 2.38×10-17 cm2, σa,r,p = 4.28×10-17 cm2, σa,s,p = 3.61×10-17 cm2, σa,sq,p = 2.18×10-17 cm2, σa,re,p 
= 0, σa,d,p = 1.05×10-17 cm2, and (1) φsq = 1×10-3, (2) 1.2×10-3, (3) 1.4×10-3, (4) 1.6×10-3, (5) 1.8×10-3, (6) 2×10-3, 
(7) 2.2×10-3, (8) 2.8×10-3. 
  The temporal absorption behaviour of BlrBII at λp = 445.7 nm is shown in Fig. 6-34 for 1 min 
and 4 min of light exposure (λexc 350-440 nm, Iexc = 0.354 W cm-2). In the dark the absorption 
recovers mainly back to that of the initial BlrBII,r. In the case of 1 min light exposure the 
absorption first rises steeply (signaling state recovery with τs,rec ≈ 2 s) and then changes over to a 
recovery with time constant of about 1.5 min (reduced flavin re-oxidation with time constant, 
τreox). In the case of 4 min light exposure the flavin cofactor is dominantly reduced. The 
absorption rise in the dark is first slow and then speeds up to τreox ≈ 1.5 min. The initially slower 
dark recovery is thought to be due to the time necessary for protein rearrangements which lead to  
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Figure 6-35: Dynamics of photo-degradation for BlrBI in aqueous solution at pH 8. (a) Length-averaged 
absorption coefficient spectra, )(λα , at excitation intensity of Iexc = 0.59 W cm-2 in wavelength range λexc = 
350-440 nm for several excitation times. (b) Absorption recovery of BlrBI in the dark after 30 s of light exposures 
at λexc = 350-440 nm with Iexc = 0.59 W cm-2. Dark time td is varied. 
the flavin re-oxidation inside binding pocket. The slow start of recovery may alternatively be due 
to the time required for oxygen to diffuse inside binding pocket to re-oxidize the reduced flavin, 
if free oxygen is thought to be necessary for re-oxidation. 
  The initial absorption strength of FAD in BlrBII is not fully reached. This is because of free 
FAD photo-degradation to lumichrome and lumiflavin derivatives [Hol05]. In keeping the 
thermodynamic equilibrium, free FAD is replenished from non-covalently bound FAD, and the 
generated lumichrome and lumiflavin derivatives are non-covalently bound to BlrB. 
  The absorption dynamics of BlrBI due to intense long-time light exposure is illustrated in Figs. 
6-35 and 6-36. In Fig. 6-35a the change of the absorption spectra due to light exposure is shown.  
 6. Results  82
The spectral absorption shapes are soon dominated by reduced flavin and photoproduct 
absorption shapes (lumichrome and lumiflavin-derivates [Hol05]). In Fig. 6-35b the absorption 
recovery after 30 s of light exposure is presented. As is seen, after 30 s of exposure the absorption  
recovery is moderate. In Fig. 6-36 the temporal development of the absorption coefficient, αp, at 
λp = 444 nm due to light exposure for different time periods is shown. 
  After light-switch-off the absorption recovers partly back to the absorption of BlrBr. After 1 min 
and 2 min of light exposure first a steep absorption rise is observed due to signaling state 
recovery.  
 
 
Figure 6-36: Absorption behaviour, )(tpα , at λp = 444 nm of BlrBI. Light exposure at λexc = 350-440 nm with 
Iexc = 0.59 W cm-2. Curves are calculated (eqs. 6-19 till 6-26) with parameters in Table 6-3, the cross-sections 
given in the caption of Fig. 6-34, and (1) φsq = 5×10-4, (2) 8×10-4, (3) 1×10-3. 
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The slowed-down absorption rise is due to reduced flavin re-oxidation. The incomplete 
absorption recovery is because of the free flavin conversion to lumichrome and lumiflavin-
derivatives with lower absorption at λp = 444 nm. 
  According to Figs. 6-34 and 6-36 effective quantum yields of photoproduct formation for BlrBI 
and BlrBII are extracted. They are estimated from the incomplete recovery at wavelength of 
strong BlrBr absorption and weak photoproduct absorption after light switch-off and complete 
BlrBs, BlrBsq, and BlrBre recovery. φd,eff is approximately given by: 
absph
d
effd n ,
,
Ν=φ .                           (6-17) 
where  is the length-integrated number density of BlrB∫=Ν l dd dzN0 d (FlPr), l is the sample 
length, and nph,abs is the density of absorbed photons at the excitation wavelength λexc. Νd is given 
by: 
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in which 0,pα  is the initial absorption coefficient, ∞,pα  is the final absorption coefficient after 
light exposure for a period texp and absorption recovery for a time long compared to τreox. The 
number of absorbed photons per cross-sectional area within the time interval texp is given by eq. 
6-5 where t2-t1 = texp. 
  Exploiting the data of Fig. 6-34 for texp = 1 min a quantum yield of photoproduct formation of, 
φd,eff(BlrBII) = 2.3×10-5, is obtained for BlrBII and using the data of Fig. 6-36 for texp = 30 s gives 
φd,eff(BlrBI) = 1.1×10-4 for BlrBI. 
  Considering all results from static and dynamic fluorescence and absorption measurements, the 
photo-cycle dynamics shown in Fig. 6-37 is suggested.  
Photo-excitation of the dark-adapted BlrB, BlrBr, causes signaling-state formation, BlrBs which 
recovers back to BlrBr with a time constant τs,rec in the dark. Photo-excitation of flavin in BlrBs 
state causes reduction to the semiquinone form (called BlrBsq) with a quantum efficiency of φsq 
which further reduces to BlrBre. BlrBre re-oxidizes back to the original BlrBr with a dominant time 
constant τreox. To explain the obtained results a thermodynamic equilibrium between BlrB and 
free flavin is needed. The free flavin photo-degrades to lumichrome and lumiflavin derivatives 
(abbreviated by FlPr) with a quantum yield of photo-degradation, φD.  
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Figure 6-37: Photo-cycle scheme of BlrB and its interaction with the photo-degradation of free flavin 
 
 
Figure 6-38: Approximate photo-dynamics scheme of BlrB including unbound flavin photo-degradation. 
Again a thermodynamic equilibrium between the flavin photoproducts and BlrB is expected (the 
formed flavin derivatives are thought to be accepted in the BlrB binding pocket). This photo-
 6. Results  85
cycle scheme applies to both BlrB conformations, BlrBf and BlrBsl, of faster and slower 
fluorescence lifetime and it applies to both BlrBI with a mixture of flavin cofactors and to BlrBII 
with FAD as the only cofactor. For numerical simulations photo-cycle scheme shown in Fig. 6-37 
is approximated by the one shown in Fig. 6-38 where it is not distinguished between bound and 
free cofactor. In other words all original flavin is allowed to degrade with an effective quantum 
yield of φd,eff (BlrBd), and the photoproducts do not take part in a photo-cycle (irreversible 
photoproducts).  
  The steady-state dynamics (considered time long compared to excited-state lifetimes of BlrBr, 
BlrBs, and BlrBd) of the scheme displayed in Fig. 6-38 is given by the following rate equation 
system for the number densities, Ni of the components BlrBr,j, BlrBs,j, BlrBsq,j, BlrBre,j, BlrBd (j = 
f, sl) and the excitation intensity Iexc: 
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where z is the coordinate along the propagation direction and σa,r,exc, σa,s,exc, σa,sq,exc, σa,re,exc, and 
σa,d,exc are the absorption cross-sections of the receptor state, signaling state, semiquinone state, 
reduced state and the photoproducts at the excitation wavelength λexc respectively. The excitation 
light transmission is given by . The transmission of a weak probe light at 
wavelength λ
)0(/)( excexcexc IIT l=
p is given by )exp( lppT α−=  with ll /)(0∫= dzzpp αα , where αp(z) is given by: 
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  The dynamics of signaling-state recovery is determined by eq. 6-20 which after light switch-off 
reduces to: 
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giving )/exp()0()( ,recsss tNtN τ−= . The absorption coefficient recovery in Fig. 6-31 is given by: 
[ ] )/exp()0()()()()( ,,,,,,,0,,,,0 recssprapsaprapsasprasp tNNtNtNNt τσσσσσα −−+=+−= ,    (6-28) 
where Ns = Ns,f + Ns,sl. A single-exponential fit, eq. 6-6, to the absorption recovery curves of Fig. 
6-31 gives the determined signaling-state recovery times. For both BlrBI and BlrBII a value of 
τs,rec ≈ 2 s was obtained at room temperature. 
  For the determination of the quantum yield of photo-induced signaling state formation, φs, under 
conditions of short time exposure as applied in Figs. 6-29 and 6-30, the equation system (6-19 till 
6-25) reduces to: 
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and the length-integrated absorption coefficient, )(tpα , at the probe wavelength λp is given by: 
[ ] psasprasp tNtNNt ,,,,0 )()()( σσα +−= ,                   (6-31) 
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where σa,r,p and σa,s,p are the absorption cross-sections of BlrBr and BlrBs at wavelength λp, 
respectively. The length-averaged population number density, sN , is defined as 
∫= l l0 /)( dzzNN ss , where is the sample length.  l
  The solid curves in Fig. 6-30a and 6-30b are calculated for different quantum yields, φs, by 
numerical solution of the equation system (6-29, 30) and application of eq. 6-31. The best fit to 
the experimental data gives φs(BrlBII) = 0.9±0.1 and φs(BrlBI) = 0.4±0.1. This finding shows that 
the cofactor FAD is high efficient in photo-induced signaling state formation of BlrB. The 
efficiency of photo-induced signaling state formation of the cofactors FMN and riboflavin is only 
moderate. Higher efficiency in the signaling state formation by using FAD in the protein binding 
pocket could be suggested as a reason for FAD, to be the in vivo chromophore.  
  The lower quantum efficiency of signaling-state formation with FMN and riboflavin cofactors 
compared to the FAD and higher photo-stability of free FAD compared to free FMN and 
riboflavin (free FAD is a factor of 20 more stable than free FMN or riboflavin at pH 8 buffer 
[Hol05]) explains the differences observed between BlrBI and BlrBII photo-cycle parameters 
(Figs. 6-34 till 6-36). 
  To obtain an acceptable fit to )(tpα  for BlrBI and BlrBII in Figs. 6-34 and 6-36 by solving the 
equation system (6-18 till 6-26) it was necessary to set φd,r,sl,eff ≈ φd,s,sl,eff ≈ 0 (high photo-stability 
of flavin in slow BlrB component), φd,r,f,eff = φd,eff/xf (φd,eff determined experimentally), and 
φd,s,f,eff(BlrBII) ≈ 4×10-6, φd,s,f,eff(BlrBI) ≈ 3×10-5 (higher photo-stability of BlrB in signaling state 
because of shorter excited-state lifetime). The best fitting parameters are collected in Table 6-3.  
The numerically solved equation system (6-18 till 6-25) with several φsq values for BlrBI and 
BlrBII are shown in Figs. 6-34 and 6-36 respectively (thick solid curves). The best agreement with 
the experimental data is found to be φsq≈ 8×10−4 for BlrBI and φsq = 1.8×10-3 for BlrBII. In Fig. 6-
36 the fit is limited to texp ≤ 3.5 min since at longer times already photodegradation takes place at 
the applied excitation intensity. 
  The dynamics of flavin-semiquinone (BlrBsq) conversion to reduced flavin (BlrBre) is 
determined by eq. 6-21 which after light switch-off reduces to: 
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  The absorption coefficient dependence, )(tpα , in Fig. 6-33 fits to a two-component single-
exponential decay with time constants, τsq,1 = 9.5 s (fraction 72 % ) and τsq,2 = 6.8 min (fraction 
28 %). It is thought that τsq,1 belongs to the BlrBf conformation and that τsq,2 belongs to BlrBsl. 
  The formation of BlrBre from BlrBsq and its re-oxidation to BlrBr is governed by eq. 6-22. After 
light switch-off and a time delay of t > 3τsq, this equation simplifies to: 
reox
rere N
t
N
τ−=∂
∂ ,                               (6−33) 
where Nre = Nre,f + Nre,sl since the formation time, τsq, is considerably faster than the re-oxidation 
time. The curves in Figs. 6-34 and 6-36 show that the re-oxidation dynamics is more complex. It 
may be approximately described with an average single time-constant of τreox ≈ 1.5 min. 
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Table 6-3. Parameters of BlrB BLUF proteins in aqueous solution at pH 8 and room temperature. 
 
Parameter BlrBI  BlrBII  Comments 
Chromophore composition    TLC analysis 
xFAD 0.40±0.10  ≈1.0   
xFMN 0.30±0.10  ≈0   
xRf 0.25±0.10  ≈0   
xiso 0.05±0.03  ≈0   
Domain composition     Fluorescence analysis 
xf 0.25±0.05  0.25±0.03   
xsl 0.67±0.05  0.67±0.04   
xfree 0.08±0.005  0.08±0.01   
Kd (mol dm-3) 6.5×10-7    eq. 6-11 
Photo-cycle characterization (temperature ϑ = 22 °C)   
φs 0.40±0.05  0.90±0.10  Fig. 6-30 
τs,rec (s) 2.05±0.10  1.95±0.10  Fig. 6-31 
Wb/(hc0) (cm-1)   4338  eq. 6-12 
φsq ≈8×10-4  1.8×10-3  Figs. 6-34,36 
τsq,1 (s)   9.5  Fig. 6-33 
τsq,2 (min)   6.8  Fig. 6-33 
τreox (min) ≈1.5  ≈1.5  Figs. 6-34,36 
φd,eff 1.1×10-4  2.3×10-5  Figs. 6-34,36  
eq. 6-17  
State dependent parameters     
 Dark-adapted Signaling state Dark-adapted  Signaling state  
φF 0.024±0.004 0.0125±0.004 0.0161±0.004 0.004±0.001 Fig. 6-26 
τF,ave (ps) 452±8 238±8 307±8 70±20 eq. 4-19 
τF,f (ps) 73±30 <40 110±30 < 40 Figs. 6-27,28  
eq. 6-16 
τF,sl (ps) 700±50 <40 700 < 40 Fig. 6-27,28 
τF,free (ns) ≈5.0 ≈5.0 ≈0.70 ≈0.70 Fig. 6-27,28 
φd,f,eff 1.47×10-4 3×10-5 3.07×10-5 4×10-6 φd,eff/xf
φd,sl,eff ≈0 ≈0 ≈0 ≈0 Fit to eqs. 6-19 
till 6-26 
 
Abbreviations: xFAD, xFMN, xRf, xiso, mole-fractions of FAD, FMN, riboflavin, and non-movable isoalloxazine moiety, 
respectively. xf, xsl, xfree, mole-fractions of holo-BlrB conformations with fast fluorescence lifetime, slow 
fluorescence lifetime, and of apo-BlrB, respectively. Kd, dissociation constant. φs, quantum yield of signaling state 
formation. τs,rec, recovery time of BlrB after light exposure from signaling state to receptor state in the dark. Wb/(hc0), 
energy barrier from signaling state to receptor state (h is Planck constant, c0 is vacuum light velocity). φsq, quantum 
efficiency of photo-induced semiquinone formation from signaling state. τsq,1, τsq,2, semiquinone lifetimes of BlrBs,f 
and BlrBs,sl. τreox, average re-oxidation time of reduced flavin. φd,eff, effective quantum yield of photo-degradation of 
BlrB. φF is fluorescence quantum yield. τF,ave, average fluorescence lifetime. τF,f, τF,sl, τF,free, fluorescence lifetimes of 
BlrBr,f, BlrBr,s, and of free flavin. 
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6.4 Slr1694 
  The BLUF protein slr1694 (amino acid residues 1-150, see Fig. 3-4) from the cyanobacterium 
Synechocystis sp. PCC6803 is characterized. Slr1694 expressed in E. coli with non-covalently 
bound FAD, FMN and riboflavin (called Slr1694I) and FAD reconstituted Slr1694 which 
dominantly contains FAD (called Slr1694II) are investigated [Zir06b]. 
6.4.1 Chromophore composition 
 
  The HPLC traces obtained for the extracted chromophore from Slr1694 are shown in Fig. 6-39. 
they revealed the presence of FAD, FMN and riboflavin in Slr1694I and in Slr1694II. In Slr1694II 
FAD is the dominant chromophore. The mole fractions of FAD, FMN and riboflavin in Slr1694I 
and Slr1694II are listed in Table 6-4. 
 
Figure 6-39: HPLC chromatogram for: (a) Slr1694I and (b) Slr1694II. 
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6.4.2 Absorption studies 
 
  The absorption cross-section spectra of fresh dark-adapted Slr1694I (Slr1694I,r) and of saturated 
light-adapted Slr1694I (Slr1694I,s, produced by exposure at 350-440 nm for 4 s, Iexc = 0.265 W 
cm-2) are displayed in Fig. 6-40. They are calculated from the absorption coefficient spectra and 
are calibrated with absorption cross-section spectrum of FAD at pH 7 [Isl03] (see chapter 5). 
Crossing points between absorption spectrum of dark-adapted and light-adapted samples are used 
to calibrate the absorption cross-section spectra for samples in the signaling-state. The shapes of 
the absorption cross-section spectra of Slr1694I,r and FAD are quite similar, only the vibronic 
structure of the S0-S1 and S0-S2 absorption bands of Slr1694I,r are more pronounced than that of 
FAD in aqueous solution. The Slr1694I,s absorption spectrum is approximately 15 nm red-shifted 
compared to the Slr1694I,r spectrum. Within our experimental accuracy the same absorption 
cross-section spectra were obtained for Slr1694I and Slr1694II (curves only shown for Slr1694I). 
 
Figure 6-40: Absorption cross-section spectra of Slr1694 in dark-state (Slr1694I,r) and Slr1694 in the signaling-
state (Slr1694I,s) in aqueous solution at pH 8 and of FAD in aqueous solution at pH 7 [Isl03]. 
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6.4.3 Fluorescence studies 
 
  The temporal fluorescence traces of Slr1694I and Slr1694II domains in the dark- and signaling-
states are displayed in Figs. 6-41a and 6-41b respectively.  
 
 
Figure 6-41: Normalized temporal fluorescence signals, SF(t)/SF,max,dark, of Slr1694I (a) and Slr1694II (b). Dotted 
curves show response function of the detection system. Thin solid curves belong to dark-adapted state. Thin 
dashed lines belong to light adapted state with λexc = 350-440 nm; Iexc = 0.3 W cm-2, and duration of light 
exposure, ∆texp = 15 s. Dash-dotted line shows expected free flavin contribution. Thick lines are expected true 
Slr1694 fluorescence traces (free flavin contribution is subtracted). 
  For the dark-state measurements, the samples were kept in dark and excited with a single laser 
pulses, whereas for the signaling-state fluorescence lifetime measurements, the samples were 
excited for 15 s with Iexc = 0.3 W cm-2 at λexc = 350-440 nm before pico-second laser pulse 
excitation and the fluorescence detection (real time fluorescence lifetime measurement, see 
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chapter 5). The thin lines in Fig. 6-41 belong to measured fluorescence traces consisting of 
fluorescence contributions from the non-covalently bound flavins and of the free flavins. The 
dotted-line in Figs. 6-41a and 6-41b, show the response function of the detection system 
(approximately Gausian shape with 1/e-time constant of τresp ≈ 370 ps). The slowly decaying tails 
are thought to be caused by the free flavin. The expected fluorescence contributions of the free 
flavins are approximately given by the dash-dotted lines. The shapes of these free flavin 
fluorescence contributions were obtained by measuring fluorescence traces of a mixture of 37 % 
FAD, 38 % FMN and 25 % riboflavin for Fig. 6-41a and of a mixture of 91 % FAD, 6 % FMN 
and 3 % riboflavin in aqueous solution at pH 8 for Fig. 6-41b (the mole fractions were selected to 
be the same as the mole fractions of FAD, FMN and riboflavin revealed from HPLC analysis for 
Slr1694I and Slr1694II). The magnitude of the free flavin fluorescence contribution was adjusted 
to the sample fluorescence tails. The estimated fractions, βF, of these free flavin signals to the 
total fluorescence signals are βF,I,r ≈ 0.24 for Slr1694I,r and βF,I,s ≈ 0.85 for the Slr1694I,s. These 
fractions change to βF,II,r ≈ 0.36 of the fluorescence signal in the dark-state and to βF,II,s ≈ 0.90 for 
the saturated light-adapted state in the Slr1694II case.  
  For the thick curves, in Fig. 6-41, the fluorescence contribution of the free flavin is subtracted. 
They are the approximate true fluorescence traces of the non-covalently bound flavins. The 
fluorescence traces of the bond flavin reveal more than a single exponential fluorescence decay. 
Using a two-component exponential convolution fit (eqs. 6-1,2,15, see fluorescence lifetime 
analysis for BlrB) fast component of τF,b,fast = 50± 10 ps with a mole-fraction of about 97±1 % 
and slow component of τF,b,slow = 800± 100 ps with a mole-fraction of about 3±1 % for both 
Slr1694I and Slr1694II are revealed (the mole fractions of the free flavin for Slr1694I and 
Slr1694II are calculated by eq. 6-34, see below). 
The fluorescence quantum distributions EF(λ), for dark-adapted Slr1694 (Slr1694r) and for 
Slr1694 in saturated light-adapted state (Slr1694s), in aqueous solution at pH 8 were determined 
using lumiflavin in water buffered to pH 7 (φF = 0.235 [Hol05]) as reference. The results are 
displayed in Fig. 6-42. The fluorescence quantum yields, φF, are calculated from the fluorescence 
quantum distributions, EF(λ), and are listed in Table 6-4. Compared to the fluorescence quantum 
yields of FAD, FMN and riboflavin the measured fluorescence quantum yields of Slr1694 in the 
dark-state and in the signaling-state are very low.  
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Figure 6-42: Fluorescence quantum distributions of Slr1694 in pH 8 buffer. Excitation at λexc = 365 nm. (a) 
Slr1694I in dark state (Slr1694I,r Iexc = 1.3×10-4W cm-2, ∆texp =  1 s, ∆tacc = 400 ms) and in signaling state 
(Slr1694I,s, Iexc = 7.2×10-3, ∆texp = 15 s, ∆tacc = 30 ms).(b) Slr1694II in dark state (Slr1694II,r, Iexc = 1.3×10-4W cm-2 
∆texp =  1 s, ∆tacc = 400 ms) and in signaling state (Slr1694II,s, Iexc = 6.8×10-3 W cm-2, ∆texp = 15 s, ∆tacc = 30 ms). 
They are φF,I,r ≈ 0.0042 and φF,I,s ≈ 0.0015 for Slr1694I. The fluorescence quantum yields change 
to φF,II,r ≈ 0.0064 in dark-state and φF,I,s ≈ 0.0028 for the signaling-state in the Slr1694II case. 
  The approximate fluorescence quantum distributions, EF,b(λ), belonging to flavin non-covalently 
bound to Slr1694 are shown in Fig. 6-42 by thick lines. The fluorescence quantum yields of the 
non-covalently bound flavin in the protein binding pocket, φF,b = (1 - βF) φF, are included in Table 
6-4. The fraction of free flavin, xfree, is estimated using the free flavin contribution in the total 
fluorescence signal, βF, by the relation: 
FMNFMNRiboRiboFADFAD
rFrF
free xxx
x φφφ
φβ
++=
,, ,                   (6-34) 
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where the mole fractions of FAD, FMN and riboflavin, respectively are 
substituted from the HPLC analysis. The calculated mole fractions of free flavins for Slr1694
RiboFMNFAD xxx ,,
I and 
Slr1694II are listed in Table 6-4. 
  Moreover using the relation between radiative lifetime τrad, average fluorescence lifetime, τF,ave, 
and average fluorescence quantum yield φF,ave (eq. 4-19), the average fluorescence lifetimes are 
calculated. The obtained average fluorescence lifetimes, τF,ave, (calculated from total fluorescence 
quantum yield, φF) and the average fluorescence lifetimes for the non-covalently bound flavin, 
τF,b,ave, (calculated from the fluorescence quantum yield of non-covalently bound flavin, φF,b) in 
Slr1694 are listed in Table 6-4.  
6.4.4 Photo-cycle dynamics 
 
  The transient absorption development )(tpα  at λp = 491.5 nm (4.2 nm FWHM) due to light 
switch-on for a period of 1 min and light switch-off is displayed in Fig. 6-43 for Slr1694I (a) and 
Slr1694II (b). The samples are excited at λexc = 350-440 nm with different intensities in the range 
from 0.0014 W cm−2 to 0.26 W cm-2. The signaling state formation fastens up with excitation 
intensity and reaches constant levels within the exposure time. 
The signaling-state recovery back to the original receptor state in the dark obeys a single-
exponential law (eq. 6-6). The extracted recovery time constants,  τs,rec, are listed in Table 6-4 for 
three different temperatures. 
  The quantum efficiency of signaling state formation, φs, is extracted from the absorption rise at 
491.5 nm, Fig. 6-43, immediately after light switch-on by calculating the fraction of molecules 
transformed to the signaling state, ∆Νs, in a time interval, δt = t2 - t1, short compared to the 
signaling-state recovery time, τrec, and by calculating the number of absorbed photons in the same 
time interval, ∆nph,abs. The following relation is used for calculation: 
absph
s
s n ,∆
∆Ν=φ .                            (6-35) 
  The length-integrated number density of molecules transferred to the signaling state is given by: 
max,
12
0
)()(
p
pp
s
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N α
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∆
−=∆Ν l ,                       (6-36) 
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Figure 6-43: Photo-induced signaling-state formation and its recovery to the initial state in dark for Slr1694I (a) 
and Slr1694II (b). Samples are excited for 60 s (lower intensities) or 20 s (higher intensities). The curves belong 
to the following excitation intensities, Iexc (in W cm-2): (1) 8×10-4, (2) 0.0024, (3) 0.069, (4) 0.0224, (5) 0.046, (6) 
0.142. 
where N0 is the total number density of Slr1694 molecules, αp(ti) = -ln[Tp(ti)]/l is the absorption 
coefficient at the probe wavelength, λp, at time ti, and ∆αp,max = αp,max - αp,ini is the maximum 
absorption coefficient change at λp ( 0,,max, Nspap σα =  is the absorption coefficient when the 
sample is completely converted to the signaling state) and αp,ini is the initial absorption coefficient 
before exposure. σa,p,s is the absorption cross-section of the signaling state at wavelength λp. The 
number density of absorbed photons is given by eq. 6-5. The quantum yields of signaling state 
formation are found to be φs= 0.63±0.07 for both Slr1694I and Slr1694II.  
  The excitation intensity dependence of the absorption coefficient at a fixed-probe wavelength , 
490.3 nm, is displayed with circles in Fig.6-44 for both Slr1694I (a) and Slr1694II (b). It is used  
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Figure 6-44: Steady-state absorption coefficient, pα  at probe wavelength, λp, as a function of excitation 
intensity, Iexc, after 60 s light exposure. (a) Slr1694I, and (b) Slr1694II. Solid curves are calculated for the 
quantum yields of signaling state formation, φs, of: (1) 1, (2) 0.8, (3) 0.6, (4) 0.4, (5) 0.3, (6) 0.2, (7) 0.1, (8) 0.05, 
(9) 0.01. 
alternatively, to calculate the quantum yield of signaling state formation (eqs. 6-8,9,10). The best 
fits to the measured data points lead to φs = 0.6±0.05 for both Slr1694I and Slr1694II. The 
absorption decrease at high intensity in Fig. 6-44b is caused by photo-degradation and photo-
reduction at high excitation intensities. Thses processes are more pronounced for Slr1694II than 
for Slr1694I.   
  The photo-induced signaling-state formation and back recovery at room temperature were 
carried out in short-time light exposure measurements in order to avoid photodegradation. 
  The temporal development of absorption spectra during high-intensity light exposure and back-
recovery in dark is shown in Figs. 6-45 and 6-46 for Slr1694I and Slr1694II respectively. 
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Figure 6-45: (a) Absorption spectra of Slr1694I at certain times of light exposure. Excitation wavelength λexc = 
350-440 nm; excitation intensity Iexc = 0.265 W cm-2. Exposure times are written in the legend. Cell thickness l = 
1.5 mm; cell area 1.5 mm × 3.5 mm. Length-averaged absorption coefficient spectra, l/)](ln[)( λλα T−=  (T 
is transmission), are shown. (b) Recovery of absorption spectra of Slr1694I in the dark at certain times after 
intense light exposure for 60 min at λexc = 350-440 nm with Iexc = 0.265 W cm-2. Dark times, td, are written in the 
legend. 
Samples are excited in a small volume cell, 1.5 mm × 1.5 mm × 3.5 mm, in the wavelength range 
from 350-440nm with an excitation intensity of . As shown in Fig. 6-45a for 
Slr1694
227.0 −≈ WcmIexc
I the transfer from dark-state to the signaling-state is already complete after 4 s light 
exposure. 
  Upon prolonged exposure of the signaling-state a gradual decrease at S0-S1 absorption band is 
observed. Fig. 6-45b represents the dark-recovery of Slr1694I,s after 1 hour of exposure with Iexc 
= 0.265 W cm-2. It is worthwhile to note that during the first 30 s, the signaling state already 
recovers back to the receptor state while a second recovery process continues with a slow 
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recovery time. Although at least two recovery processes are involved, no complete recovery 
observed.  
  Nearly the same temporal behaviour has seen for absorption spectrum of Slr1694II as shown in 
Fig. 6-46. Again the signaling state is formed within 4 s and at prolonged light exposure the S0-S1 
absorption band decreases. However the absorption decrease is more pronounced for Slr1694II 
than for Slr1694I. The build-up of the absorption band around 350 nm is also more pronounced 
for Slr1694II. 
 
 
Figure 6-46: (a) Absorption spectra of Slr1694II at certain times of light exposure. Excitation wavelength λexc = 
350-440 nm, excitation intensity Iexc = 0.27 W cm-2. Exposure times are written in the legend. (b) Recovery of 
absorption spectra of Slr1694I in the dark at certain times after intense light exposure for 60 min at λexc = 350-440 
nm with Iexc = 0.27 W cm-2. Dark times are written in the legend. 
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  After light-switch-off the signaling-state absorption recovers back to the initial receptor state 
absorption within 30 s. Similar to Slr1694I a second recovery process is present and no complete 
recovery is observed. 
  These temporal behaviours of the absorption coefficients during light exposure and dark 
recovery can be followed better by plotting the dynamics for λp = 490.3 nm (peak position of the 
absorption difference between dark and signaling states) and λp = 439.7 nm (peak position of the 
receptor state). These absorption coefficients are displayed in Fig. 6-47a for Slr1694I and in Fig. 
6-47b for Slr1694II. For both domains the absorption at 490.3 nm steeply rises and the absorption 
at 439.7 nm steeply decreases because of signaling state formation. Then the absorption decreases 
moderately because of free flavin degradation (dominant at the beginning, more pronounced for 
Slr1694II with larger free flavin content), photo-reduction of Slr1694s (flavin hydroquinone 
formation in protein) and photo-degradation of non-covalently bound flavin. Lumichrome is one 
degradation component in agreement with the absorption spectra in Fig. 6-46 and lumichrome 
absorption cross-section spectra in Fig. 2-3.  
  After light switch-off the absorption at 490.3 nm decreases steeply and the absorption at 439.7 
nm rises steeply within the first 30 s because of signaling state recovery to the dark state. Then a 
moderate absorption rise is observed which is because of re-oxidation of the reduced flavins 
inside the protein. The initial absorption strength is not approached because of photo-degradation 
of the initially present free flavin and partial photo-degradation of non-covalently bound flavin. 
From the slow absorption rise after light switch-off in Fig. 6-47a a re-oxidation time constant of 
τreox ≈ 8.6 min is determined (dash-dotted fit) for Slr1694I. A re-oxidation time of τreox ≈ 5.5 min 
is determined from a fit of the absorption recovery in Fig. 6-47b for Slr1694II. 
  The efficiency of flavin cofactor reduction in the signaling-state, φred, is determined from the 
absorption recovery in the S0-S1 absorption region of Slr1694r due to flavin re-oxidation in the 
dark after intense light exposure. The quantum yield, φred, of formation of Slr1694red (reduction of 
flavoquinone form of flavin, Flox, to flavohydroquinone form, FlredH2) is given by: 
absph
red
red n ,∆
∆Ν=φ .                           (6-37) 
  The length-integrated number density of molecules transferred to the reduced state is given by: 
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Figure 6-47: Temporal absorption behavior, )(tpα , at λp = 490.3 nm and at λp = 439.7 nm of Slr1694I (a) and 
Slr1694II (b) during light exposure and after light exposure in dark (data taken from Figs. 6-45 and 6-46). 
where σa,r,p and σa,red,p are the absorption cross-sections of Flox in the receptor state and of FlredH2 
at the probe wavelength, λp, respectively. te is the time position of light switch off. After te + 5τrec 
the signaling state has recovered and the further absorption change is due to re-oxidation. The 
number density of absorbed photons is given by eq. 6-5 (in which δt = τreox, if the exposure time 
texp = te – t0 is longer than τreox and δt = texp otherwise). 
  The incomplete absorption recovery in the S0-S1 absorption region of Slr1694r after intense-light 
exposure is used to determine the quantum yield of photo-degradation of flavin in the signaling 
state, φs,D (data have taken from Fig. 6-47). These degradation efficiencies are given by: 
absph
freer
Ds n
Nx
,
0
, ∆
−∆Ν= lφ ,                         (6-39) 
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where  ∆Νr is given by: 
pra
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r
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σ
αα ∞−=∆Ν l .                        (6-40) 
  The total number density of flavin molecules, N0, is given by prap tN ,,00 /)( σα= . The number 
density of absorbed photons is given by eq. 6-5 with δt = te –t0 which is the total exposure time. 
The higher molar fraction of free flavin found in Slr1694II causes more pronounced 
photodegradation with respect to Slr1694I in spite of higher photo-stability of FAD compared to 
FMN and riboflavin. The free flavin photoproducts or photoproduct intermediates (likely 
radicals) seem to enhance the Slr1694 photo-degradation [Shi06]. 
  The temporal developments of the fluorescence signal during light exposure for Slr1694I and 
Slr1694II are shown in Fig. 6-48. The applied excitation intensity profile is shown in part (a) (λexc 
= 350-440 nm, Iexc = 0.3 W cm-2). The fluorescence signal was measured by picosecond laser 
pulse excitation (λL = 400 nm, ∆tL = 3 ps) and micro-channel-plate photomultiplier signal 
detection (real time measurement, see chapter 5). The presented time-integrated fluorescence 
signal is normalized to the fluorescence signal of not exposed sample. At light switch-on the 
fluorescence signal steeply decreases because of signaling state formation. Then during light 
exposure the fluorescence raises gradually since some flavin is converted (degraded) to 
lumichrome and lumiflavin derivatives [Hol05] which have higher fluorescence quantum yield 
than free FAD and bound flavin in the signaling state. The fluorescence rise is stronger for 
Slr1694II (Fig. 6-48c) than for Slr1694I (Fig. 6-48b) since there is more free FAD in Slr1694II 
than in Slr1694I and Slr1694II is less photo-stable. At light switch-off the fluorescence rises step-
like because of back recovery of the signaling state to the receptor state (receptor state is stronger 
fluorescent than signaling state). The performed photo-dynamic studies lead to the photo-cycle 
scheme shown in Fig. 6-49. There, photo-excitation of dark adapted Slr1694 (called Slr1694r) 
populates the first excited singlet state (S1-state), in which flavin may relax to its ground state via 
radiative or non-radiative processes. The excitation may also lead to flavin-protein restructuring 
(signaling-state formation). The Slr1694 BLUF protein in the signaling-state (Slr1694s) relaxes 
back to the initial receptor state, Slr1694r, in the dark at room temperature. 
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Figure 6-48: Temporal development of time-integrated fluorescence signal of Slr1694I (b) and Slr1694II (c) due 
to light exposure. Excitation intensity profile is shown in part (a). 
  Photo-excitation of the flavin in the signaling-state leads to reduction of Flox to FlredH2 (quantum 
efficiency φs,red) and degradation of Flox to photoproducts (quantum yield φs,D). In the dark the 
formed flavohydroquinone re-oxidizes slowly to the original flavoquinone (time constant τreox). 
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Figure 6-49: Photo-cycle scheme of Slr1694. 
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Table 6-4. Parameters of Slr1694 BLUF proteins in aqueous solution at pH 8 and room temperature. 
Parameter Slr1694I  Slr1694II  Comments 
Chromophore composition    HPLC analysis 
xFAD 0.37±0.02  0.91±0.01   
xFMN 0.38±0.02  0.06±0.01   
xRf 0.25±0.02  0.03±0.01   
      
Domain composition     Fluorescence 
analysis 
xb 0.994±0.002  0.958±0.005   
xfree 0.006±0.001  0.042±0.005   
      
Photo-cycle characterization   
φs 0.63±0.07  0.63±0.07  Fig. 6-43,44 
τrec (s) 14.2±0.5  17±0.5  Fig. 6-43, 22 °C 
τreox (min) 8.6±0.3  5.5±0.5  Fig. 6-47 
      
State dependent parameters     
 Dark-adapted Signaling state Dark-adapted  Signaling state  
φF 0.0042±0.002 0.0015±0.001 0.0064±0.002 0.0028±0.001 Fig. 6-42 
βF ≈ 0.24 ≈ 0.85 ≈ 0.36 ≈ 0.90 Fig. 6-41 
φF,b 0.0032±0.0005 (2.255±0.5)×10-4 0.0041±0.0005 (2.7±0.5)×10−4 Fig. 6-41,42 
τF,eff (ps) 81.9±5 29.2±2 125±5 54.6±2 eq. 4-19 
τF,b,eff (ps) 62.5±5 4.4±1 80±10 5.3±1 eq. 4-19 
φs,red  (1.9±0.2)×10-5  (4.8±0.4)×10-5 Fig. 6-47 
φs,D  (2.1±0.2)×10-6  (5.2±0.4)×10-6 Fig. 6-47 
Abbreviations: xFAD, xFMN, xRf: mole-fractions of FAD, FMN, and riboflavin, respectively. xb and xfree: mole-fractions 
of flavin bound to Slr1694 and free flavin, respectively. φs: quantum yield of signaling state formation. τrec: recovery 
time of Slr1694 after light exposure from signaling state to receptor state in the dark. τreox: average re-oxidation time 
of reduced flavin. φF: fluorescence quantum yield. φF,b: fluorescence quantum yield of non-covalently bound flavin. 
βF: fluorescence contribution from free flavin.  τF,eff: effective fluorescence lifetime of flavin in samples. τF,b,eff: 
effective fluorescence lifetime of non-covalently bound flavin. φs,red: quantum efficiency of photo-induced 
hydroquinone-formation starting from signaling state. φs,D: quantum yield of photo-degradation of signaling state. 
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7 Discussion 
In this work the application of absorption and emission spectroscopic techniques has allowed 
the characterization of the photo-cycles of the studied BLUF proteins to the extent accessible to 
UV-VIS spectroscopy. The obtained photo-cycles have a common feature: It is the spectral red-
shift upon blue-light exposure and dark recovery of the red-shifted state (signaling-state) at room 
temperature. The crystal structures of the studied BLUF proteins show similar folds immediately 
around the flavin cofactor with highly conserved amino acid residues together with some amino 
acid residues adjacent to the flavin which are not conserved [Jun05].  
In another study, replacing of the AppA blue light sensing domain (amino acid residues 16-107, 
see Fig. 3-1) by the BLUF domain of PAC from Euglena gracilis did not disturb the protein 
overall function even when they were expressed as separate domains [Han04].  
These findings suggest that a similar reaction mechanism very likely holds for all studied BLUF 
domains, and small differences probably arise from amino acids adjacent to the flavin cofactors 
which are not conserved and have minor effects on the overall light response. 
7.1 Photo induced electron transfer 
Our fluorescence lifetime and fluorescence quantum yield measurements revealed low 
fluorescence quantum yields and short fluorescence lifetimes for the flavin molecules in the 
BLUF domain binding pocket compared to the free flavin in the buffer. 
The most likely mechanism for the observed fluorescence behavior is photo-induced reductive 
electron transfer possibly from adjacent Tyr, Trp, Phe, His or Cys to the isoalloxazine ring of the 
flavin cofactors.  
Mutation of Tyr21 by Phenylalanine [Kra03] or by Isoleucine [Laa03] in AppA has abolished 
the photo-cycle. This indicates the involvement of Tyr21 in the AppA photo-cycle. Great efforts 
have already been undertaken to clarify the light response mechanism of BLUF domains before 
the crystal structures become available [Laa03,Mas04a,Mas04b,Gau05]. The crystal structures of 
AppA from R. sphaeroides [And05,Jun06], BlrB from R. sphaeroides [Jun05], slr1694 from 
Synechocyctis sp. PCC6803 [Yua06] and Tll0078 from Thermosynechococcus elangatus BP-1 
[Kit05] are now available.  
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The crystal structures for AppA (green), BlrB (blue), Tll0078 (cyan) and Slr1694 (yellow) 
[Yua06] are compared in Fig. 7-1 together with the hydrogen bond arrangement for AppA and 
Slr1694 proteins in the flavin binding pocket in dark. 
The hydrogen-bond networks in the protein binding pocket of AppA, BlrB and Slr1694 are 
shown in Figs. 3-3, 3-5 and 3-7 respectively. According to the crystal structures the highly 
conserved Tyrosine (Tyr21 in AppA, Tyr9 in BlrB and Tyr8 in Slr1694) is a part of the 
hydrophobic cavity which surrounds the dimethylbenzene portion of the flavin, and its hydroxyl 
group accepts hydrogen bond from glutamine (Gln63 in AppA, Gln51 in BlrB and Gln50 for 
Slr1694) which is 100% conserved in the BLUF domains. 
As shown in the crystal structure of AppA electron transfer is also possible from Trp104 to 
isoalloxazine since its distance to N5 is about the same as for Tyr21 (~5Å). However replacing 
Trp104 with alanine (W104A) [Mas05] or phenylalanine (W104F) [Laa06] kept the photo-cycle 
intact. This finding shows the dominance of the Tyr21 in the photo-induced electron transfer to 
the isoalloxazine. However an electron transfer with slower rate from Trp104 to N5 is assumed 
for the Y21F mutant [Dra05]. 
Fluorescence quantum yield and fluorescence lifetime analysis revealed the presence of two 
conformations of the flavin binding pocket (two constituents with different fluorescence 
lifetimes).  
7.2 signaling state formation 
  The proposed scenario of the signaling-state formation is based on hydrogen bond 
rearrangement in the flavin binding pocket upon blue light exposure [And05]. The suggested 
hydrogen bond arrangements in the dark and signaling states are shown in Fig. 3-3 for the AppA 
protein as a representative of the BLUF family (since the key amino acid residues for photo-
cycling are same for all BLUF proteins, a similar light response mechanism is expected for all 
proteins of the family). 
  The highly conserved Gln63 makes hydrogen bonds with Tyr21 and N(5) of isoalloxazine and 
its hydroxyl group makes a hydrogen bond to Trp104 in dark. Upon blue light excitation Gln63 
rotates 180 degrees so that the hydroxyl group of Gln63 can make a hydrogen bond to tyrosine 
while its amino group makes a hydrogen bond with C(4)=O of isoalloxazine [Dra05,Gau05]. 
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Figure 7-1: Hydrogen bond arrangement for (a) AppA and (b) Slr1694 proteins in dark. (c) Crystal structures for 
AppA (green), BlrB (blue), Tll0078 (cyan) and Slr1694 (yellow) [Yua06]. 
This scenario also agrees with the hydrogen bond strengthening observed for C(4)=O locus of 
isoalloxazine ring in FTIR studies [Mas04a,Mas04b].  
  The key role of Gln63 is further proved by the finding that signaling-state formation is 
prevented by mutating Gln63 to alanine in Tll0078 (Q50A) [Kit05] and to leucine in AppA 
(Q63L) [Unn06]. Also the mutation of Gln63 in AppA with leucine (Q63L) caused a 10nm blue 
shift observed in the absorption spectrum of AppA-Q63L which indicates the involvement of 
Gln63 in the hydrogen bonding in the dark-state [Unn06]. 
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7.3 AppA, BlrB and Slr1694 photo-cycles 
  Although the overall photo-cycle is the same for all BLUF domains (spectral red shift of the 
absorption band upon blue light exposure and back recovery in the dark at room temperature) 
there are differences in the photo-cycle dynamics which were found by careful spectroscopic 
studies. The photo-cycles of the studied samples are compared in Fig. 7-2.  
AppA 
 
Figure 7-2: Photo-cycles for AppA (black), AppA-H44R (blue), BlrB (red) and Slr1694 (green). 
  The obtained quantum yields of signaling-state formation are 24% for AppA, 30% for AppA-
H44R, 60% for as expressed and FAD reconstituted Slr1694, 40% for BlrB as expressed, and 
90% for FAD reconstituted BlrB. The signaling-state recovery to the receptor state in the dark 
was found to decrease with rising temperature. At room temperature it varies for the measured 
BLUF proteins from 2 s for BlrB to 17 min for the AppA BLUF domain.  
BLUFs 
BLUFr 
BlrB 
Slr1694 
AppA-H44R 
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  Increasing the quantum yield of signaling-state formation by replacing of Trp104 with 
phenylalanine in AppA (W104F) [Laa06] and enhancement of dark recovery of signaling state of 
AppA by replacing Trp104 by alanine (W104A) [Mas05] or by mutation of the Asn32 in Tll0078 
[Kit05] (similar to the Asn45 in AppA) indicates that the conserved amino acid residues around 
the C(4)=O locus of the isoalloxazine ring are important for the relevant photo-cycle parameters. 
  The photo-cycle parameters also change with a modification of amino acid residues at the N(1)-
C(2)=O locus of the isoalloxazine ring. The substitution of His44 by Arg in the AppA (this 
work), fastens the dark recovery and increases slightly the signaling-state formation efficiency. It 
also decreases the red-shift of the absorption spectrum by photoexcitation. As seen in Fig. 3-3 in 
wild-type AppA, His44 makes a hydrogen bond to flavin C(2)=O (see Fig. 3-3). Arg44 in the 
AppA-H44R mutant can also form a hydrogen bond at this position, although probably with 
different strength which may explain the observed changes. In wild-type AppA His44 places a 
positive charge at N(1)-C(2)=O locus of the isoalloxazine ring. A positive charge at the N(1)-
C(2)=O position is found in more than 50% of BLUF domains studied so far (e.g. Arg32 in BlrB 
[Jun05] and Arg65 in Tll0078 [Kit05]) and in nearly all flavoenzymes [Fra00] where it 
contributes in modulating the reduction potential of the flavin [Ghi89]. It is likely that 
substitution of His with Arg in AppA-H44R locates the positive charge at a different distance 
from the N(1)-C(2)=O locus which in turn weakens the hydrogen bond at C(4)=O and 
consequently causes a smaller red shift and a faster dark recovery. Light-induced increase of 
hydrogen bonding at the C(2)=O and C(4)=O positions of flavin was found for Slr1694 [Mas04a] 
by FTIR spectroscopy. 
  These lines of evidence show that all the conserved residues around the pyrimidine ring of the 
isoalloxazine in the protein binding pocket are most probably important for the relevant photo-
cycle parameters as signaling-state absorption red-shift, signaling-state formation efficiency and 
signaling-state dark recovery. 
  Much faster fluorescence signal decays in the signaling state of all investigated BLUF domains 
indicates a shorter distance between conserved Tyr and flavin. 
Fluorescence lifetime measurements showed the presence of some free flavin. The detected 
amounts of free flavin were about 16% for AppA-H44R, 8% for both BlrBI (as expressed) and 
BlrBII (FAD reconstituted), 0.6% for Slr1694I (as expressed) and 4% for Slr1694II (FAD 
reconstituted). The observed free flavin in solution for the as expressed BLUF domains (Slr1694I, 
BlrBI and AppA-H44R), indicates a thermodynamic equilibrium between the non-covalently 
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bound flavin and the free flavin. For the FAD reconstituted BLUF domains (BlrBII and Slr1694II) 
the free flavin is left from the reconstitution process (not complete removal of free FAD in 
dialysis). 
Long-time high-intensity exposure experiments revealed flavin photo-degradation and photo-
reduction in the signaling-state. The presence of un-bound flavin in solution causes enhanced 
photodegradation because of low photo-stability of flavin in solution (φD(FMN) = 7.3 × 10-3, 
φD(FAD) = 3.7 × 10-4 and φD(riboflavin) = 7.8 × 10-3 [Hol05]). No photodegradation was 
observed under the applied experimental excitation conditions for wild-type AppA (φs,D<10-6), 
whereas no free flavin content was found in solution. The photodegradation efficiency of φD,eff = 
2 × 10-4 for AppA-H44R, φD,eff = 2 × 10-6for Slr1694I and φD,eff = 1 × 10-4 for BlrBI were 
obtained. 
Photo excitation of BlrB and Slr1694 causes photo-reduction which only can occurs inside 
protein. No reduction mechanism is known [Mas83] for free flavin in the applied buffer 
conditions. For BlrB a photo-induced reduction of oxidized flavin to flavin semiquinone and fully 
reduced flavin was observed in the signaling state. The semiquinone formation efficiency of φsq 
=1.3 × 10-3 has measured for BlrB. 
For Slr1694 only photo-reduction to the fully reduced flavin was observed with an efficiency of 
φs,red = 3.5 × 10-5. The reduction step from flavin semiquinone to fully reduced flavin is thought to 
be faster than the used experimental time resolution of about 1 s (two-step reduction with fast 
intermediate semiquinone state is likely to occur). 
Re-oxidation brings the reduced flavin back to the original oxidized form with time constant of 
τreox = 1.5 min for BlrB and τreox = 7 min for Slr1694. The speed of re-oxidation is determined 
either by diffusion of dissolved oxygen from the solution into the flavin binding pocket or by 
self-oxidation in the protein domain. 
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8 Summary 
The BLUF proteins AppA148, AppA126 and BlrB from R. sphaeroides and Slr1694 from 
Synechocystis sp. PCC6803 together with a mutant of the AppA148 protein in which His44 is 
replaced by Arg (H44R) have been studied by continuous absorption spectroscopy, continuous 
fluorescence spectroscopy, and time-resolved fluorescence spectroscopy. 
The chromophore analysis revealed the presence of FMN, FAD and riboflavin in the as 
expressed BLUF proteins. 
Formation of an intermediate state (signaling-state) upon blue-light exposure was observed for 
all the studied BLUF domains. The signaling-state is distinguished from the receptor state by a 
slightly red-shifted absorption spectrum, varying between 12 – 16 nm for BlrB and AppA 
proteins, respectively. The spectral red-shift in the BLUF domains is caused by light induced 
conformational changes of the protein binding pocket causing modifications of the hydrogen 
binding upon light absorption [Kra03,And05,Jun05,Yua06]. 
The efficiency of the signaling-state formation of about 25% for AppA, 30% for AppA-H44R 
and 60% for as expressed and FAD reconstituted Slr1694 (Slr1694I and Slr1694II) respectively 
are determined by the analysis of light-intensity dependent absorption changes. For BlrB these 
values are found to be 40% for as expressed BlrB (BlrBI) and 90% for FAD reconstituted BlrB 
(BlrBII). 
The signaling-state recovered back to the receptor state (dark-state) in dark at room temperature 
within 17 min for AppA, 6.5 min for AppA-H44R, 15 s for Slr1694 and 2 s for BlrB. These 
differences indicate slightly different barrier heights for ground-state thermal reconstitution from 
the signaling-state to the receptor state. 
Two photo-active conformations with fast and slow fluorescence decay times in the dark- and 
signaling-states of the BLUF proteins were found by the fluorescence lifetime and fluorescence 
quantum yield measurements (two conformations with somewhat different flavin-quencher 
distances). 
The short fluorescence lifetimes and small fluorescence quantum yields observed in the dark-
state and specially in the signaling-state of the BLUF domains are most likely due to electron 
transfer from a highly conserved tyrosine (Tyr63 in AppA [And05], Tyr8 in Slr1694 [Yua06] and 
Tyr9 in BlrB [Jun05]) to the flavin cofactor [Kra03]. 
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Fluorescence lifetime measurements revealed a fraction of flavin about 8% for BlrBI and BlrBII, 
0.6% for Slr1694I and 4% for Slr1694II, and 16% for AppA-H44R, not bound to the proteins at 
room temperature (thermodynamic equilibrium between holoprotein, apoprotein and free flavin in 
as-expressed domains and incomplete dialysis in FAD reconstituted proteins). Although free 
flavin was not observed in the case of AppA BLUF, a small fraction of flavins (1-2%) was found 
not to take part in the photo-cycle (likely adsorbed to the protein surface or misfitted in the 
protein binding pocket).  
The photo-excitation of AppA in the signaling-state caused no more changes in the absorption 
spectrum, within our experimental accuracy, which shows a high photo-stability of the AppA 
BLUF domain. 
In contrast, prolonged light excitation of BlrB and Slr1694 resulted in the formation of the 
semiquinone-type flavin  followed by semiquinone reduction (flavin hydroquinone 
formation) and re-oxidation in the case of BlrB, and the formation of flavin hydroquinone 
( ) followed by re-oxidation of hydroquinone to the quinone form of the flavin in 
the case of Slr1694.  
)101( 3−×≈sqφ
5105.3 −×≈redφ
In BlrB, Slr1694 and AppA-H44R an irreversible photo-degradation of free flavin and the non-
covalently bond flavin (with lower efficiency) were also observed. 
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